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ULTRASTRUCTURE OF EXCITABLE MEMBRANES AND THE 
CRAYFISH MEDIAN-GIANT SYNAPSE 


J. David Robertson* 


Department of Anatomy, University College, London, England and Department of 
Neuropathology, Harvard Medical School, Boston, Mass. 


In this article I shall first review the evidence that has led me to advance the 
unit membrane theory. This requires a treatment in some detail of certain 
aspects of peripheral nerve fiber structure. Finally, I shall include a rein- 
terpretation of some of my older findings on invertebrate synapses now made 
possible by the unit membrane concept.f I shall begin by reviewing the back- 
ground information on membrane structure leading to the unit membrane 
concept. 

FicurE 1 is a segment of nerve myelin fixed with potassium permanganate. 
In this micrograph one can see the satellite cell membrane (u.) at the top. 
This is a structure consisting of a pair of dense lines each about 20 A thick 
bordering a light central zone about 35 A wide making a unit about 75 A thick. 
Below the satellite cell membrane there is a thin layer of cytoplasm (cyt.). 
Below this there is the compact myelin structure. This consists of a repeating 
pattern of so-called major dense lines (MDL) repeating at a period of 120 A. 
In between the major dense lines there is an intraperiod line (IPL) that is just 
as regular and complete as the major dense line but somewhat less dense. 
Below the compact myelin is a very thin layer of satellite cell cytoplasm (cyt.). 
Below this there is the inner satellite cell membrane (u.) next to the axon. 
Bordering this there is a second gap (not at all clear in this micrograph). We 
then come to the axon membrane which is for the most part broken up or 
obliquely sectioned here. There is a layer of axoplasm (ax.) visible below. 

I propose now to show how this compact myelin structure comes about. In 
order to do so I shall deal first with the structure of unmyelinated nerve fibers 
drawing largely on the work of Gasser,” who showed that unmyelinated 
nerve fibers consist of axons running in troughs in the surfaces of Schwann 
cells. Some of the axons are pushed down into the Schwann cell, as shown in 
FIGURE 2, and the overhanging lips of Schwann cytoplasm come together to 
make a paired membrane structure, measuring 250 to 300 A across. The area 
marked by the rectangle and enlarged to the right shows two ~75 A-unit 
membrane structures bounding a gap of matrix material. This material is 
present in a layer about 100 to 150 A thick, and is continuous with a layer at 
the surface of the cell that is condensed in the layer called the basement mem- 
brane or, to use a term proposed by B. Katz,” the “ectolemma.”’ This material 
is PAS positive, has a certain rigidity, and should be regarded as an important 
cell boundary layer. In my view, nevertheless, it represents simply a con- 
densation of the intercellular ground substance. I think the gap between the 
membranes in these paired membrane structures contains the same kind of 
material but in very much lower concentration. 

* Present address: McLean Hospital, Research Laboratory, Belmont, Mass. 


+ Parts of this article represent condensations or abstractions from material published"! #9:44 
elsewhere or now in preparation for publication in more complete form. 
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FicurE 3 is an electron micrograph of an adult unmyelinated nerve fiber. It 
demonstrates some of the structures shown diagrammatically in FIGURE 2. 
The enlarged region below is a portion of an axon bounded by its satellite 
Schwann cell (dotted area). Each of these is bounded by typical ~75-A unit 


Ficure 1. Segment of myelin, fixed with potassi red i 
ate oto, potassium permanganate and embedced in 


membranes, as in FIGURE 2. The unit membranes are separated here by a 
gap ~100 A wide. 

I have begun by illustrating the organization of unmyelinated nerve fibers 
because myelinated nerve fibers originate from a type of unmyelinated fiber 
such as the one in FIGURE 4a. Such fibers are very similar in their basic 
structural plan to the unmyelinated fiber shown in FIGURE 2 but there is gener- 
ally only one axon per Schwann cell. This kind of nonmyelinated fiber was 
first noted by Geren,'* who observed in developing chick nerves fibers such as 
those in FIGURES 4a and 6 and postulated that myelin was, in fact, formed simply 


2 
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by close packing of a spirally wrapped mesaxon. During development, mye- 
lination typically begins with an axon embedded in a single Schwann cell with 
a short mesaxon as in FIGURE 4a; in fact, even earlier stages may be recognized 
in which there is no mesaxon and the Schwann cell and axon are simply in con- 
tact. As development proceeds the mesaxon elongates in a perfect spiral 
around the axon as shown in FIGURE 40. However, first something happens 
_ that isa bit more subtle. This is an obliteration throughout most of the length 


Ficure 2. Diagram of an unmyelinated peripheral nerve fiber. Key: a-d, axons; Sch., 
Schwann cell; m, mesaxon. 


of the mesaxon, of the gap that is normally present between these membranes. 
I think this is a very fascinating feature of the development of myelin and it 
is readily demonstrable in permanganate fixed preparations. The gap between 
the unit membranes is simply obliterated, and the membranes come together 
to make a structure that measures, instead of 250 to 300 A across, about 150 
Aacross. As the process evolves further the mesaxon elongates spirally several 
times around the axon and its loops come together along their cytoplasmic 
surfaces. The layer of Schwann cytoplasm present between the mesaxon loops 
is then obliterated, and one ends up with the compact myelin structure as in 
FIGURE 4c. Two features of the diagram that should be emphasized are: first, 
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the intraperiod line of compact myelin originates by the apposition of the outside 
surfaces of the Schwann cell membrane; second, the major dense line that bounds 
the repeating unit is formed by apposition of the inside (cytoplasmic) surfaces 
of the mesaxon. These two repeating dense strata in myelin thus represent 
fundamentally different surfaces: one bounding the material outside the cell 
and the other the material inside the cell. 

FicurREs 5 to 8 illustrate these points with examples from permanganate-fixed 
developing mouse sciatic nerves. In FIGURE 5 the earliest stages of myelination 
are represented by protofibers (p.) in which there are short mesaxons. One 
intermediate fiber (I) is shown. Here the mesaxon is elongated in 214 loops 
around the axon. Numerous myelinated fibers (myl.) are present in various 
Stages of development. F1curE 6 shows a protofiber at somewhat higher 
magnification. The section passes through the Schwann cell nucleus here. 


FicureE 3. (a, opposite page.) Adult unmyelinated peripheral nerve fiber fixed with po- 
tassium permanganate and embedded in araldite. 56,000. (0, above.) Enlargement of 
dotted area, X 260,000. 


Note how small the axon is in relation to the Schwann cell. The intimate 
contact of the unit membranes of the mesaxon with obliteration of the inter- 


membranous gap may be seen in the enlargement below. Ficure 7 illustrates 
a later stage of development. Three mesaxon loops have come together to 
make compact myelin (enlargement to the right). There is also in this fiber 


a transverse shearing defect similar to that of Schmidt-Lanterman clefts.” The 


thin layer of Schwann cytoplasm between the separated myelin lamellae con- 
tains a membrane-bounded profile of the endoplasmic reticulum (ER—inset 
enlargement). In passing I call attention to the fact that in these preparations 
the axon filaments often show up with unusual clarity, as in this fiber, which 
is from a permanganate-fixed preparation stained with uranyl acetate. Some- 
times the axon filaments that usually measure less than 100 A in diameter 
appear larger and seem to have a light center giving them a hollow tubular 


appearance (arrows). This is interesting in view of the current ideas of Davison 
and Taylor,? derived from physical chemical studies of axoplasmic proteins. 


Gray has demonstrated?* a more definite tubular component more than 200 A 
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Ficure 5. ‘Transection of a four-day-old mouse sciatic nerve fixed with potassium 
manganate, embedded in araldite, and stained with uranyl acetate. 11,500. 


: Tk 


Ficure 6. Higher magnification micro 


graph from the same specimen as shown in FIGURE 
5. 24,000. Enlargement below, 105 
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Ficure 8. Transection of a myelinatin i iati 
g fiber in young mouse sciatic n i 
passes through the Schwann cell nucleus (nucl.). Note the nuclear pore ihe. aes pe 


collagen fibrils (c.) around the Schwann cell hi i i 
fixed, araldite embedded and uranyl acetate cane ote eS 
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in diameter in vertebrate central nervous system dendrites. These findings 
are of particular interest to me because on several occasions I have noted 
continuity between axon filaments and tubular or vesicular components of the 
endoplasmic reticulum. In 1955% I published a micrograph showing such con- 
tinuity between a neural filament and a vesicle in the crayfish median-giant 
synapse. In 1956*° in my paper on motor end plates (p. 391) I discussed at 
some length the possibility that synaptic vesicles represent beadlike swellings 
of neural filaments. Recently it has been established that the vesicles in 
motor end plates are in fact primarily isolated spherical bodies bounded by a 
unit membrane. However they may nevertheless be connected with one 
another via neurofilament strands, somewhat like beads on a string. One 
wonders whether or not the protein of axon filaments may act as a framework 
dlong which lipid and other molecules can be organized or perhaps directly 
synthesized in patches to make unit membranes. If such is the case then one 
would expect to see a mixture of tubular or vesicular unit membrane bounded 
forms in motor endings, just as one observes. A very interesting problem is 
whether the neural filaments are continuous with the nonlipid monolayer of 
the unit membrane bounding the neuron and, further, whether there are con- 
centrations of such connections in synaptic regions. There is no doubt?® that 
neurofilaments run for considerable distances as discrete continuous unbranched 
structures in neurons. It is perhaps not too far fetched to suggest that some 
may run all the way from the unit membrane at an afferent synapse to the 
region of the membrane of the same neuron at an effector ending. This specula- 
tive idea should be tested further since it has obvious functional implications. 
FicurE 8 shows a later stage in myelin evolution. I call your attention in 
the higher magnification micrograph of this fiber (FIGURE 9) to the fact that 
you can trace into this myelin sheath with unusual clarity all of the strata of 
the unit membranes of the mesaxon to show that the major dense line does 
indeed originate from the apposition of the cytoplasmic surfaces of the mesaxon 
loops as indicated in FIGURE 4 and the intraperiod line by apposition of the 
outside surfaces of the mesaxon loops. In this instance we can almost trace 
the spiral mesaxon around completely throughout seven myelin lamellae. 
Three different myelin segments from peripheral nerve fibers fixed in different 
ways are shown in FIGURE 10. The top one (a) is fixed with OsOu., the middle 
one (6) with potassium permanganate, and the lowest one (c) with a technique old 
to histology but new to electron microscopy. The technique is the one used 
in classical cytology by Baker” and recently applied to electron microscopy by 
_Lasansky and deRobertis.24 Fixation with formalin is followed by treatment 
with potassium dichromate. In these three kinds of preparations one gets 
essentially similar pictures, although there are very significant variations. In 
the OsO, fixed preparation the major dense line (MDL) is just as regular as it 
_ is in the permanganate fixed preparation. On the other hand the intraperiod 
line (IPL), which is very regular in the permanganate preparation, here is 
broken up into dots or granules or short very thin lines. Quite often it is not 
seen. The most important point, however, is that the repeating period in 
most instances is essentially the same (100 to 120 A) whether OsO, or KMnOy 
is used as the fixative. The formalin-chrome fixed preparation is rather dif- 
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the suggestion of a tubular 
line by apposition of the 
X 140,000. 


Ficure 9. Higher magnification micrograph of the 


nature of the axon filaments ( 
cytoplasmic surfaces of the 


same fiber shown in FIGURE 8. Note 
arrow). ‘The origin of the major dense 
mesaxon loop is clearly shown here. 
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Ficure 10. These three micrographs show segments of peripheral nerve myelin fixed in 
three different ways; (a) fixed with OsO, and embedded in methacrylate, X 450,000; (0) fixed 


with potassium epermanganate and embedded in araldite, <.600,000; (c) fixed with Baker’s 
formalin-chrome technique and embedded in araldite. 450,000, 
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ferent in that the repeating period is increased to about 140 A, and we see here 
a splitting apart of the intraperiod line into 2 dense lines ~20 A thick separated 
by a gap ~20 A wide. This I interpret to mean that the unit membranes cf 
the myelin during fixation (or perhaps they had this characteristic before fix- 
ation) have become separated slightly along their outside surfaces. The gap 
between the separated membranes is ~20 A thick and accounts for the in- 
crease in the repeating period. 

FicurE 11 shows for comparison preparations fixed in permanganate on the 
left and osmium tetroxide on the right. Each micrograph shows the outer 


8. ee eS ro. } beet 


Ficure 11. Portion of an outer mesaxon in (a) a myelinating peripheral nerve fiber fixed 
with potassium permanganate and embedded in araldite, X 145,000; and (b) in a myelinating 
mouse sciatic nerve fiber fixed with OsO, and embedded in araldite. >< 145,000. 


mesaxon of a myelinating fiber, and I direct attention to regions where the 
membranes of the Schwann cell come into most intimate apposition. These 
are indicated by the arrows in each preparation. Here the two apposed mem- 
branes make a compound membrane that measures in each instance ~130 A 
across in the regions of most intimate contact (arrows). In the permanganate 
fixed preparation (a) this compound membrane shows five distinct light and 
dark strata. When we consider the preparation fixed with OsO, (b) we see a 
structure of the same thickness, but we do not see the line down the middle. 
Here there are only three strata (two dark and one light). If we look at the 
surface of the Schwann cell in the OsQ, fixed preparation we do not see the 
outer strata of the unit membrane; these are very clear in the permanganate 
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fixed preparation. TI believe that the outer half of the unit membrane structure 
in the osmic fixed preparation is there, but you cannot see it as you obviously 
can in the permanganate fixed preparation. Why do I believe it is there in the 
osmic fixed preparation if we cannot see it? We cannot be positive about this 
but we can infer its presence because the membranes do not get any closer 
together in the osmic preparations than they do in the permanganate fixed ones. 
The over-all thickness of the compound membranes is in each instance about 
the same. It may be inferred that the outer half of the membrane structure, 
although it does not show up regularly in the osmic fixed preparations, is present, 
and this inference is supported further by the fact that in the compact myelin 
structure the intraperiod line after osmic fixation, sometimes is not seen. 
Nevertheless it is sometimes demonstrable, and whether it is seen, the spacing 
of the major dense lines is the same. The conclusion that I am leading to is 
that OsO, is not a good fixative for the whole cell membrane structure. Per- 
manganate displays the whole structure consistently; osmium tetroxide 
usually displays only the cytoplasmic half of it. Sometimes OsO, shows up 
the whole or part of the outer half, but not regularly. OsO, fixed membranes 
sometimes appear as a thin dense stratum ~20 A thick, sometimes as a wider 
dense stratum and sometimes as triple layered typical ~75-A unit membrane. 
This variability in the action of OsO, has led some to believe that differences 
in the thickness of OsO, fixed membranes in different regions indicate differences 
in the underlying structure. I think it is more likely that such differences 
merely reflect the fact that OsO, is not a good fixative for displaying the whole 
membrane structure. 

T reinforce this point by showing two adult myelinated nerve fibers in FIGURES 
12a and 6. These are printed at slightly different magnifications. In a is seen 
an outer mesaxon after permanganate fixation; in 6 both outer and inner 
mesaxons are shown after OsO, fixation. The repeating period in the compact 
myelin is about the same in each case. Below in 6 the intraperiod line in the 
Osmic preparation at the label (IPL) may be discernible, but generally it is not 
visible. Above in a it is quite clear. At the surface of the cell in @ (upper 
arrow) one sees clearly all of the strata of the unit membrane. Below in the 
osmic preparation one sees in comparable locations a fuzzy dense line that is 
very difficult to measure but is certainly well under 75 A in thickness. My 
interpretation of these findings is that OsO, simply does not show up all of the 
cell membrane structure at the free surfaces of the Schwann cell despite the 
_ fact that these undisplayed strata manifest themselves in the compact myelin 
structure. Permanganate shows up all the components at the free cell surface 
that are manifested in compact myeline. The fact that OsOs fixation fails to 
reveal them should then not be taken as an indication that they are not there. 
_ The deficiency is in the fixative, not the membranes. 

T now return to some concepts that originated in the 1930s from the works of 
W. J. Schmidt,*® Schmitt e¢ a/.,4° Schmitt ef a/.4” and, more recently Finean,’® 
which have led to certain concepts of the molecular structure of myelin. These 
studies have indicated that myelin consists of regularly arranged lipid mole- 
cules with the polar surfaces of the lipid bimolecular leaflets covered by mono- 
layers of protein. Fresh myelin was found to have a radial repeating unit 
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Figure 12. (a) Segment of myelin from an adult frog sciatic nerve fiber showing an outer 
mesaxon (m.), the major dense line (MDL) and the intraperiod line (IPL). Fixed in potas - 
sium permanganate, embedded in araldite, 160,000; (6) similar segment fixed with OsQ, 
and embedded in araldite, the major dense line (MDL) and intraperiod line (IPL) being in- 
dicated. 250,000, 
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~170 to 185 A thick by X-ray diffraction studies. I shall not dwell on these 
earlier findings; instead I call attention to a diagram (FIGURE 13) taken from 
the recent X-ray diffraction studies of Finean.”| This gives Finean’s conception 
of the molecular organization of the radial repeating unit in myelin. Finean 
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Ficure 13. Diagram from Finean (7), showing his conception of the molecular organiza- 


tion of the repeating unit in nerve myelin. 
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proposes to insert lipids and proteins into the radially repeating structure as 
indicated in the diagram. 

Finean® and Fernandez-Moran and Finean‘ showed that during fixation with 
OsO, the ~170 to 185 A repeating period in myelin is reduced to 150 A or less 
during the specimen preparation procedures leading to sectioning for electron 

‘microscopy. It is well known that sections shrink in the electron beam, and 
I think we can say that the radial repeating period seen in myelin by electron 
microscopy is identical with the repeating period detected in fresh myelin by 
X-ray diffraction.2® Furthermore, on symmetry grounds alone it is quite 
obvious that the repeating structure in myelin is simply the mesaxon. I think, 
therefore, that it is quite justifiable to superimpose the X-ray diffraction diagram 
for myelin on the pattern seen by electron microscopy as indicated in FIGURE 
14.7 

I believe I have now presented ample evidence to justify the statement that 
an identity has been established between every stratum in myelin and corre- 
sponding strata in the Schwann cell membrane down to a resolution of about 
20 A or less. This allows us to extrapolate out to the surface of the Schwann 
cell and make statements about its molecular structure. If we assume that 
the X-ray analysis is, in broad terms, correct, we may say that the Schwann 
cell surface membrane must consist of a single bimolecular leaflet of lipid, the 
polar surfaces of which are covered by monolayers of nonlipid material. One 
cannot say, however, that this is a unique determination of the structure. 
The X-ray analysis is far from complete, and the model is useful only in giving 
a general pattern of structure for the Schwann cell membrane and, perhaps 
most importantly, for indicating how the problem can be uniquely solved. We 
now have a way to arrive at a definitive solution of the problem of cell membrane 
structure if the X-ray diffraction analysis of myelin structure can be made to 
yield a definitive solution. 

There is one other point that I would like to make here. There is a distinct 
difference in the reactivity of the outside surface of the Schwann cell membrane 
as compared with that of the inside surface. This is indicated by the differ- 
ences between the intraperiod line and the major dense line in compact myelin 
after OsOy and KMn0Q, fixation. The findings suggest that this evident chemi- 
cal difference between the outside and inside surfaces is a fairly subtle one and 
I have suggested," that the difference may result from the presence on the 
outside of a monolayer of mucopolysaccharide or possibly mucoprotein instead 
of the monolayer of protein that probably forms the inside surface. In fact, 
however, all one can be reasonably certain of is that the outside and inside 
surfaces contain single fully spread monolayers of two distinctly different types 
of nonlipid material. 

I now turn briefly to another approach to the problem of determining the 
structure of the unit membrane. I have indicated that I believe the molecular 
model derived in FIGURE 14 to be in a broad sense correct. According to this 
model the nonlipid monolayers in combination with the polar ends of the lipid 
molecules interact with the fixing agents to produce thin dense strata well 
within the dimensions of these groups. One might have supposed, however, 
from the well known reactions of OsO, with the unsaturated bonds in lipid 
carbon chains™ that such a thin dense stratum would be produced instead along 
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the hydrophobic carbon chains. Since this was not seen some have questioned 
the interpretation proposed here, and alternative models have been proposed 
in the past to account for this apparent discrepancy.!8)5! Therefore, it was 
important to decide whether lipid polar groups in isolated bimolecular leaflets 
of lipid would in fact show up as dense strata after OsQ, or KMn0, fixation. 


Ficure 14. Diagram showing a way in which the molecular interpretation of the X-ray 
diffraction given in FIGURE 13 can be superimposed on the electron microscope pictures of 
myelin to allow a deduction to be made about the molecular structure of the unit membrane. 


From the work of Schmitt ef al.” it was known that emulsified lipids under 
some conditions arrange themselves roughly as in FIGURE 15q to give an X-ray 
diffraction period of ~64 A. As water is added to such systems the period 
can be made to increase by almost 100 per cent by the addition of water between 
the polar groups as in FIGURE 156. Geren and Schmitt, Stoeckenius,®! 
Ito, Revel ef al.?* and I*:* have independently demonstrated that various 
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lipids can be fixed with OsO, or KMnO, and treated in the same way as a 
specimen of a tissue. FicurE 16 is an electron micrograph of a section of egg 


kephalin dried from ethyl] alcohol, fixed with OsO,, embedded in araldite, and © 


sectioned for electron microscopy. Here we see a very regular lattice of dense 
lines less than 20 A thick repeating at a period of ~40 A. This presumably 
represents the kind of molecular arrangement seen in FIGURE 15a.* However 
do the dense layers represent the polar ends of the lipid molecules or the non- 
polar ends? Insofar as the picture goes it could be either. The solution to 
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Ficure 15. Diagram taken from Schmitt e al.“ showing a molecular interpretation of 
the effects of hydration on a lipid system organized as smectic bimolecular leaflets as indicated 
ina. After hydration of the system, water enters along the polar groups of the bimolecular 
leaflets and expands the structure as indicated in 0. 


this problem comes partly from a study of regions in which the micelles of 
lipid are partially hydrated, as in FIGURE 15d, before they are stabilized by the 
fixative. 

There is one point which must be made clear before proceeding. KMnQ, 
fixation sometimes gives in egg kephalin preparations exactly the same sort of 
compact regions showing ~20 A thick dense and light strata repeating regu- 
larly at a period of 40 A, as does OsO,. Therefore each fixative must produce 
dense strata selectively at either the polar or nonpolar ends of kephalin mole- 

* The period is different here partly because a different lipid is being considered, partly 


because the lipid is in a different polymorphic state,® and partly because of ch i 
during the preparatory procedures. e ; heh Ce ag 


et gy 


Ficure 16. Portion of a section of a specimen of purified egg kethalin (supplied by M. 
MacFarlane) fixed with OsO, , embedded in araldite, and sectioned. Dense and light strata 


each measuring about 20 A in thickness are seen repeating at a period at approximately 40 
A. 1,206,000. s 
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cules. In myelin, OsO,, and KMnO, each produces dense strata in precisely the 
same places, as brought out earlier. It follows that each of these fixatives 
acts in the same way in the sense that if one produces dense strata at the polar 
groups of kephalin the other most probably also does this. 

In FIGURE 17 is seen a region in a kephalin preparation fixed this time in 
KMnOQ,. Here the individual lipid bimolecular leaflets are shown separated 
by ~100 to 200 A from one another presumably because of the entrance of 
water during fixation. Each of the separate similar membrane elements in 


FicureE 17. Segment of the same preparation of egg kethalin shown in FIGURE 17, but this 
time fixed with KMnO,. In this case the single bimolecular leaflets of lipid are separated, 
presumably by the entrance of water during fixation. 265,000. 


isolation measures ~75 A in thickness and looks very much like the unit 
membrane structure. If the dense strata of the compact lamellae in FIGURE 16 
were produced by the nonpolar groups of the lipid molecules one should see 
single dense lines instead of the pairs of dense strata seen here in the isolated 
units. This is very good evidence that the dense strata represent the polar 
ends of the lipid molecules in KMn0, fixed preparations and, by analogy, in 
OsO, fixed preparations. 

It is not yet clear how this can be reconciled with known reactions of 
OsO, with double bonds in lipid carbon chains. Stoeckenius (personal com- 
munication) in some recent elegant experiments as yet unpublished has provided 
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quite strong evidence of another kind that the polar groups show up as denser 
layers than the nonpolar ones after fixation. He has therefore altered his 
earlier interpretations®™ in which he assumed the reverse. Although we do 
not understand exactly the chemical mechanism leading to the observed distri- 
bution of densities we must accept the facts and seek further for a chemical 
explanation. ‘The mechanism of chemical fixation remains very poorly under- 
stood, and we have here a manifestation of this poor understanding. Neverthe- 
less, the evidence is very strong that the dense strata observed in lipids after 
either OsO, or KMnO, fixation represent the polar ends of the lipid molecules. 
It is well known that OsO, reacts with proteins to produce a dense deposit.28+1)51 
For example, protein filaments such as collagen or myofilaments are well 
displayed by OsOy fixation. Thus it seems quite reasonable to say that the 
dense strata in the unit membrane probably represent metallic layers at lipid 
polar groups combined with a protein monolayer on one side and with some 
other nonlipid monolayer on the other. 

I suggested above that the outside monolayer of nonlipid might represent 
mucopolysaccharide rather than protein. While this is chiefly speculation there 
is some reason to believe it to be true. I have indicated above that there is 
ample reason to believe there is a chemical difference between the outside and 
inside surfaces of the unit membrane simply because of the ways in which these 
two surfaces react to fixing agents. The X-ray diffraction studies of Finean’ 
suggest that the differences are fairly subtle since there is a distinct tendency for 
the myelin period to be halved under certain conditions. Therefore the non- 
lipid constituents bordering the bimolecular leaflet of lipid on either side must 

_ be very similar in composition to the extent that their composition might affect 
their scattering of X rays. The difference between these two strata could be 
readily accounted for by the presence in the one case of monolayers of protein 
and in the other by monolayers of mucopolysaccharide. There are two addi- 
tional bits of information which bear on this problem. 

A direct morphological continuity exists between the mucopolysaccharide 
ground substance condensed in the basement membrane material about 
Schwann cells and the gap between the unit membranes of the mesaxon. 
Compare FIGURES 2 and 3. Note the amorphous basement membrane sub- 
stance around the whole nerve fiber in FIGURE 2 and its indefinite shading off 
externally and into the paired membrane gaps. Perhaps FIGURE 18 may fur- 
ther substantiate this point. Here the basement membrane substance border- 
ing an unmyelinated fiber is almost continuous with that bordering a mye- 
linated fiber. This amorphous diffuse material extends right up to the external 
dense stratum of the unit membrane of the Schwann cell (arrow 1); the same 
sort of material seems to occupy the gap between the Schwann cell and the 

~ axon membrane (arrow 2). This material is what I call the ‘gap substance.” 

During the formation of myelin the gap between the paired mesaxon mem- 
branes is reduced to less than 20 A in thickness and, presumably, only two 
monolayers of the gap substance would be left after this reduction. ‘There is 
considerable evidence to support a contention that the basement membrane 
material and the intercellular ground substance is high in its content of muco- 
polysaccharide (see Robertson® for references). I believe that the gap sub- 
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stance is the same kind of material. It seems reasonable to suggest that the 
remaining monolayers after the collapse of the gap during myelin development 
also represent in large measure mucopolysaccharides though this is clearly quite 
speculative. ; , 
There is in fact no direct conclusive evidence on the chemical nature of either 
of the nonlipid monolayers in the unit membrane. All that can be said with 
any degree of certainty is the following: the unit membrane theory holds that 


Ficure 18. Segment of a mouse unmyelinated nerve fiber showing portions of three axons 
(ax.) and a Schwann cell (Sch.). A portion of a myelinated fiber is shown to the upper left. 
The basement membrane material designated by the arrow 1 seems to extend up to the unit 


membrane. A similar type of material appears to occupy the gaps between the unit mem- 
branes as at arrow 2. 120,000. 


all normal cellular membranes not fused with another membrane are chemically 
asymmetric and that they consist of a single bimolecular leaflet of lipid of un- 
specified composition bounded on one side by a fully spread monolayer of one 
kind of nonlipid and, on the other, by a monolayer of a different kind of non- 
lipid. One of the monolayers of nonlipid always borders cytoplasmic matrix 
or a direct derivative thereof. This may be called the X layer. The other 
nonlipid monolayer always borders extracellular matrix material or a direct 
derivative of it. This may be called the Y layer. These features are indicated 
in very schematic form in FIGURE 19. 


I propose now to review briefly some experiments on the effects of hypotonic 
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and hypertonic solutions on myelinated and unmyelinated nerve fibers. Finean 
and Millington® showed in 1958 that the nerve myelin period is increased if 
fresh nerve fibers are soaked in hypotonic solutions for a few hours. Their 
studies were done by X-ray diffraction, and the nature of the increase could 
not be determined. I then showed that it is possible, after soaking nerve 
fibers in distilled water for two hours, to fix them with permanganate and 
demonstrate by electron microscopy the increase in the myelin period.*® It was 
shown that the increase was due to a splitting apart of the myelin lamellae 
selectively along the outside surfaces of the unit membranes united at the intra- 
period line, as indicated in FIGURE 20. The inside cell surfaces united at the 
major dense line do not separate under these conditions. F1GuRE 21 shows a 
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Ficure 19. A highly schematic diagram of a unit membrane showing two monolayers of 
lipid molecules (L.) and two fully spread monolayers of nonlipid designated by the letters X 
and Y. Different letters are used for the nonlipid monolayers to indicate that they are chemi- 
cally different, even though their exact nature is as yet unknown. X borders cytoplasm. 


micrograph of a myelinated fiber soaked in distilled water before fixation in 
permanganate to illustrate this phenomenon. FIGURE 22 shows the separated 
lamellae at higher magnification in a through-focus series. This experiment 
has been repeated a number of times, and it is quite clear, since the separation 
of the lamellae always occurs along the outside cell surfaces, that a different 
kind of chemical bonding must be set up between the outside surfaces as com- 
pared with that set up between the inside cell surfaces. This experiment 

' provides important evidence indicating that unit membranes are chemically 
asymmetric. 

In these studies of the effects of hypotonic solutions on nerve fibers I also 
studied the effects of hypertonic solutions. Here the most interesting findings 
occurred in the unmyelinated nerve fibers. F1icurEs 23a and 6 show unmye- 
linated nerve fibers soaked in hypotonic Ringer solution (a) or distilled water 
(b) before fixation. Note that the gap (g.) between the unit membranes in 
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Ficure 21. Electron micrograph of a myelinated nerve fiber soaked in distilled water 
about two hours before fixation with potassium permanganate and embedding in araldite. 
Note that the inner and outer mesaxons (1 and 2) are still visible. The myelin lamellae are 
kinked at the unlabeled arrow, and a Schmidt-Lanterman type transverse shearing defect 
(S-L) is seen below. In the upper left corner a portion of the myelin is enlarged to show that 
the separation of the lamellae occurs along the intraperiod line. 51,000; inset, X 110,000. 


_ Ficurr 22. A segment of myelin lamellae separated by soaking in distilled water for two 
hours before fixation in potassium permanganate and embedding in aralditer 1 his is a through 
focus series: (c) very nearly focused; (a and 6) underfocused; (d) overfoeused. 250,000. 
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all the paired membrane structures are greatly widened by this treatment. 
On the other hand treatment with hypertonic solutions resulted in a closure 
of the gaps as indicated in FIGURES 24a and 6. Here the over-all width of the 
paired membrane structures has been reduced to about 150 A and the gap 
between the unit membranes to less than 20 A. This finding indicates that 


Ficure 24. (a) Unmyelinated nerve fiber soaked in four times isotonic Ringer solution 
for one hour before fixation. Note the closed mesaxon gap (m.) connecting with the axon 
(ax.). A segment of this is enlarged to the left. Note that the central dense line is about 
twice as thick as the other two and consists of two closely apposed dense lines. 92,000; 
inset, X600,000. (b6)Unmyelinated fiber similar to that in a but soaked in 10 times isotonic 
sucrose-Ringer solution for 1 hour before fixation. Note the closed mesaxon gap (m.) leading 
to the axon (ax.). This is enlarged in the inset to the left. The two apposed dense layers of 
the membranes in contact forming the central dense layer in the enlargement seem to show 
some fine structure. They are separated by ~15 A. Each appears to be ~20 A across and 
composed of 2 dense layers less than 10 A wide separated by light zones. These images must 


not be interpreted too literally, however, since no through focus series was obtained in this 
instance. 60,000; inset, 450,000. 


the gap substance between the paired membranes that is usually ~100 to 150 
A thick is very highly hydrated. Ficure 25 is a diagram summarizing these 
findings in an unmyelinated nerve fiber. The findings are compatible with 
the assumption that the gap substance is a highly hydrated mucopolysaccharide 
gel, but they do not prove this point. It is possible that the membranes are 
stabilized in their usual relationship of ~100 to 150 A separation only by 
some kind of electric interactions that are sensitive to ion concentrations. 


369 


Robertson: Ultrastructure of Excitable Membranes 


‘oueIquisut punodusos [eus}xe ‘WOW ‘eueiqurour yun ‘n ‘uoxesour ‘ta SuseydoyAo UUBMYIS “YIS :AdY “UOIVexE a10Jaq uoTpNIOs 
qaBury ouoj1edhy ul payeos auo (9) fuorexy arojaq J9}eM pal[ijsip 10 uoTNIos 1aSury otuojodAy ut payeos ouo (q) fuonexy s10jaq WErNjos Jsuny 
[euriou Ul payRos soqry (DP) ‘Jeqy aArou payeuraAuun ue uo suornjos Stuoj1adAy pue stuo}oOdAY Jo syoayo ay} SUIMOYS WeISeIqT “oz TANT 


0) 


aa 
Hy" f= 


| 


© 


oN 


WwW 


~ 


‘US *xD 


370 Annals New York Academy of Sciences 


There is one additional point that may be considered in relation to the hy- 
pothesis that the outer stratum of the unit membrane represents mucopoly- 
saccharide and the inner stratum protein. As already mentioned OsO, is 
preferred as a fixative for protein filaments, such as the myofilaments of muscle. 
It also fixes collagen fibrils very well. Potassium permanganate, on the other 
hand, is a much less effective fixative of protein structures, although the myo- 
filaments of muscle and collagen fibrils are in fact detectable after treatment 
with this fixative. Recently Revel e¢ al.° have shown that while OsO, is a 
relatively poor fixative for glycogen, permanganate is a very good one. Both 
permanganate and OsQ, are quite good fixatives for phospholipids. If the 
unit membrane structure is organized, as I have postulated, with a bimolecular 
leaflet of lipid bounded on one side by a monolayer of protein and on the other 
by a monolayer of mucopolysaccharide, then one would expect the structure to 
react with OsO, and KMnO, in precisely the way that has been observed. One 
would expect the cytoplasmic surface, if it is lipid and protein, to react equally 
well with OsO, and KMnO, to produce a dense stratum that stands the embed- 
ding and sectioning procedures. If the outside surface is lipid and mucopoly- 
saccharide then one would expect this to be well fixed by permanganate and 
to be inadequately preserved by OsQOx, as observed with the unit membrane 
structure. These findings I regard as support for my hypothesis that the X 
layer of the unit membrane is primarily protein and that the Y layer is primar- 
ily some kind of polysaccharide. 

May I point out here that the unit membrane structure is not confined to 
nerve fibers. It has been demonstrated at the surfaces of many different kinds 
of cells and in membranous cell organelles such as mitochondria. In fact, it 
appears to be demonstrable in all cells and membranous organelles so far studied, 
and it has been suggested that the pattern of molecular organization of the 
cell membrane represented by the unit membrane pattern is constantly present 
in all normal animal or plant cells. The reader is referred to others of my 
publications for elaborations of this point. 4! -44 

In FicurEs 3 and 18 I showed the paired membrane structures called the 
axon-Schwann membrane formed by the apposed axon and Schwann cell 
membranes in unmyelinated nerve fibers. In these examples the gap between 
the unit membranes is about the same as that seen generally in adult nonmye- 
linated nerve fibers and in nonnervous tissues. Frankenhaeuser and Hodgkin” 
and Ritchie and Straub*' have each independently presented electrophysio- 
logical evidence that suggests that important electrical properties of nerve 
fibers can be explained by the assumption that potassium ions leaving the 
axoplasm during impulse propagation are momentarily trapped in the axon- 
Schwann membrane or mesaxon gaps before leaking slowly away into the ex- 
tracellular spaces. It seems reasonable to assume that the presence or absence 
of the gap between unit membranes might be very important in determining 
the electrical properties of all nerve fibers. Evidence has been presented else- 
where”? to show that in nodes of Ranvier the axon-Schwann membrane gap 
is obliterated in the juxtaterminal myelinated regions of the nodes but present 
over the major part of the internode and the unmyelinated portions of the nodes. 
It is believed that these membrane relations in nodes of Ranvier may be of 


EEE 
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considerable importance in mediating saltatory conduction since the gap sub- 
stance, because of its high degree of hydration, may be utilized as a pathway 
for ionic current flow. I now turn to the invertebrate synapse alluded to above. 
There are special membrane contact relationships in the crayfish median- 
to-motor giant fiber synapse that may in a similar way be of importance in 
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Ficure 26. Diagram of a crayfish showing the ventral nerve cord. Reproduced by per- 
_ mission of John Wiley & Sons, Inc., New York, N.Y.» 


determining the peculiar electrical properties of this synapse noted by F urshpan 
and Potter. Since the work of these investigators there has been a great deal 
of interest in crayfish giant synapses, and I therefore present here some findings 
bearing on their work. The accompanying micrographs, with the exception 
of FIGURE 29, have not been previously published. They are included and 
discussed here because the unit membrane concept now makes possible some 
interpretations that could not previously be made. 

The crayfish median-to-motor giant synapse was first described by Johnson 
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in 1924.° It was studied in terms of physiological connectivity by Wiersma.” 
I carried out the first studies of it by electron microscopy from 1950 to 1953. 


32 ,83,34.36 This earlier work will be summarized before going on to more recent 
findings and interpretations. 


Ficure 27, 
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Ficure 26 is a diagram of a crayfish showing the ventral nerve cord. From 


ge three symmetrical motor nerve roots, 
y motor fibers innervating the muscle fibers of the 
is a giant fiber system extending the entire length 
This consists of two median giant fibers and two lateral giant 


each abdominal ganglion there emer 
the most caudal of which carr 
tail. In the nerve cord there 
of the animals. 


Frcure 27. Light micrographs (a to /) of paraffin sections of a crayfish abdominal ganglia 
fixed by the method of Vom Rath. (a) A unipolar neuron in the cell mass of an abdominal 
ganglion. (b to 7) Serially arranged transverse sections proceeding through a ganglion from 
the cranial to the caudal end. Numerous sections are left out between the levels shown but 
micrographs are consecutively arranged to show the formation of the median giant and lateral 
giant to motor synapses. In (b) the lateral-giant-to-lateral-giant synapse is shown (L.G.Syn.). 
(k and 1) show the median-giant-to-motor synapse at higher magnification by light micros- 
copy. Key: Sch. nuc., Schwann cell nucleus; Ax. H., axon hillock; L.G., lateral giant fiber; 
M.G., median giant fiber; M.F., motor fiber; R-3, third root of a ganglion; Proc., synaptic 

process of the motor fiber; Sh., sheath of the median giant fiber. Magnifications are given 
by the markers. z 
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fibers, each of which forms synaptic relationships with the motor fibers in each 
ganglion before they pass out through the third roots to the abdominal muscles. 
The two median giant fibers originate as the axons of unipolar neurons in the 
brain and extend uninterrupted throughout the length of the animal. In each 


Ficure 29. Electron micrograph of portion of crayfish median-to-motor giant synapse 


showing the median giant fiber above (M.G.) portion of a Schwann cell (S.C.) and a sheath 


(Sh.) and a synaptic process (Pr.) extended by the motor fiber which is not shown in this 
micrograph. Note the irregular granular component (gr.) of the Schwann cell shown in the 
lower center of the micrograph. ‘This component is sometimes quite regularly arranged and 
may represent a tubular component of the endoplasmic reticulum. The tubules measure, 
however, less than 250 A in diameter which is quite unusual for elements of the ER, and these 


_components may, therefore, represent a different kind of structure. 44,000. 


abdominal ganglion two motor fibers originate as axons of unipolar 


neurons like the one shown in FIGURE 27a in the ventral cell mass 
of the ganglion. These axons pass dorsocaudally and decussate just beneath 
the median giant fibers. Here they set up synaptic relationships with one 


another. They then each form synaptic contacts with each of the median 


giant fibers and finally each motor fiber synapses with the contralateral lateral 
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giant fiber before passing out through the third roots to innervate the tail 
muscle fibers. These relationships are shown at the light microscope level in 
the serial transverse sections of a Vom Rath fixed paraffin embedded abdominal 
ganglion in FIGURES 27) toj. The serial sections proceed caudally through the 
ganglion. The sections are each about 10 u thick and are not true serials. A 
number of sections were omitted between each one illustrated.* The median 
giant fibers and lateral giant fibers are labeled M.G. and L.G. respectively, and 
the motor fibers M.F. 

FicureEs 27k and / show the median-to-motor giant synapse in a light micro- 
scope preparation at a higher magnification. Here it may be seen that in the 
synaptic region the motor fiber extends numerous small pseudopodium-like 
synaptic processes (Proc.) toward the median giant fiber. These processes 
penetrate successively the sheath of the motor fiber and the sheath of the me- 
dian giant fiber and come to lie in very intimate apposition with the axoplasm 
of the median giant fiber. No synaptic processes are extended toward the 
motor fiber by the median giant fibers. A very similar kind of synaptic re- 
lationship is set up between the two motor fibers as they decussate just cranial 
to the synapse with the median giant fiber. Again synaptic processes penetrate 
the Schwann cell of adjacent fibers and contact the axon membrane. The main 
difference between the median-giant-to-motor synapse and the motor-to-motor 
synapse morphologically seems to be that whereas in the case of the median 
giant synapse processes are extended only by the motor fiber, in the motor-to- 
motor synapse each giant axon extends synaptic processes toward the other. 
These relationships are shown in diagrammatic fashion in FIGURE 28. The 
diagram shows the relationships designated “synapse” in FIGURE 27f. The 
fact that synaptic processes are not extended by the median giant fibers but 
only by the motor fibers correlates well with Wiersma’s elctrophysiological 
experiments, which showed that impulses set up in either median giant fiber 
are transmitted to both motor fibers while impulses set up in either motor 
fiber by stimulation of the third root of the ganglia, while crossing to the op- 
posite motor fiber, do not stimulate the median giant fibers. Thus the syn- 
aptic processes would seem to be organelles specialized for picking up an im- 
pulse, and their small size relative to that of the giant axons they contact may 
be enough by itself to account for electrical transmission. 

FIGURE 29 is an electron micrograph showing a portion of the Schwann cell of 
the median giant fiber (MG) with a synaptic process (Pr) of a motor fiber like 
the ones indicated by the arrows in FIGURE 27k. The synaptic process is in 
intimate contact with the median giant axon. This contact is brought about 
by the penetration of the motor fiber process through the Schwann cell of the 
median giant fiber. The pseudopodiumlike extension of motor fiber axoplasm 
pushes first through a mesaxon gap in the motor fiber and then through a 
mesaxon gap in the median giant fiber Schwann cell. It then enlarges and 
expands next to the axon membrane. 

There are several features illustrated in FIGURE 29 that warrant discussion 


* These micrographs are taken from my thesis submitted in partial requirement for the 


Ph.D. degree at the Massachusetts Institute of Technology in 1952,2 and have not been 
published elsewhere. 
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but I shall confine myself here chiefly to the membrane contact relationships. 
However, in passing I will re-emphasize one or two points made in earlier 
papers.**°° First, unlike vertebrate synapses as described by Palade and 
Palay,* Palay**>.2”7 and others,” postsynaptic rather than. presynaptic ax- 
oplasm contains the most striking concentrations of organelles. Numerous 
mitochondria are seen in the synaptic processes and accumulations of vesicles 


Ficure 30. Section of a motor fiber synaptic process penetrating the Schwann cell layer 
of a presynaptic fiber in the crayfish giant fiber synapse. Ca. X 50,000. 


-arenoted. The latter point is better made by FicuRE 30. This shows a motor 


fiber synaptic process penetrating the presynaptic Schwann cell just before 
contacting the presynaptic membrane. Here many 300 to 500 A vesicular- 
appearing profiles are seen with a few interspersed tubular profiles and mito- 


chondria. This is the kind of appearance considered in vertebrate central 
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nervous system synapses to characterize presynaptic axoplasm. A similar 
appearance characterizes terminal axons in motor end plates. The peculiarity 
of the crayfish synapse whereby the vesicular accumulation occurs in post- 
rather than presynaptic axoplasm is most interesting. I have pointed out 
before that it may be that this differentiation of axoplasm”is more charac- 
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teristic of terminal branches of axons than of synapses,* for this is the most 
obvious structural feature common to the three regions of vesicle accumulation 
mentioned. . 
There are two other points about the crayfish synapse I shall make in passing. 
It appears from some micrographs that in some regions small round profiles 
like the vesicular bodies concentrated in postsynaptic axoplasm accumulate in 
the gap between the pre- and postsynaptic axon membrane. These are shown 


Ficure 31. A synaptic process (Pr.) is shown in contact with the pre-synaptic axon mem- 
brane in the crayfish giant fiber synapse. Schwann cytoplasm (Sch.) appears to the left. 
Note the round bodies containing dense material present between the pre- and postsynaptic 
membranes. ‘These measure between 800 and 1000 A in diameter. Fixed with OsO,, em- 
bedded in methacrylate and unstained. 140,000. 


in FIGURES 31 and 32. Some of these bodies are dense, as if they contained 
material similar to that in the round profile designated by the arrow in post- 
synaptic axoplasm to the right and below in the enlargement. This ~300 A 
body contains a very dense amorphous material not unlike that often identified 
in some situations as a secretory product. This kind of body is more common 
in squid giant fiber synapses as reported earlier.*® 

The last point I shall make in passing is concerned with the presence in 
FIGURE 29 of a peculiar tubular or granular structure labeled gr. I have noticed 
this component on numerous occasions in Schwann cells at the crayfish median 


* Jn discussion on page 49 of paper by S. L. Palay.2” 
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giant synapse and, on occasion, it has had a rather remarkable regularity. In 
such regions of regularity it appears as an interlaced lattice of tubular profiles 
about 200A in diameter. It may represent a component of the endoplasmic 
reticulum but some of my micrographs suggest that it may represent a separate 
component. This structure will be considered in detail elsewhere. 

I now return to the contact relationships of the pre- and postsynaptic mem- 
branes. Since, in 1955, when the micrograph in FIGURE 29 was first published, 4 
the unit membrane concept had not yet been evolved, the views of Sjéstrand 
and his collaborators*-®° on so-called “double membrane” structure were ac- 
cepted and used in interpreting the membrane relationships observed in the 
crayfish synapse. Accordingly the axon-Schwann membranes of the afferent 
median giant fiber and the motor fiber synaptic processes were each considered 
ds separate complete entities. Since the synaptic membrane complex displayed 
most of the features of either of these separate entities it was supposed that the 
two axon-Schwann membranes fused to make another entity, the synaptic 
membrane. ‘The unit membrane concept, however, requires that we treat each 

-axon-Schwann membrane as consisting of three distinctly separate entities: 
the unit membrane of the axon, the gap substance, and the unit membrane of 
the Schwann cell. The synaptic membrane complex accordingly must be 
considered as three entities: the presynaptic unit membrane, the gap substance, 
and the post synaptic unit membrane. Considered in this way the only ele- 
ments that would have been fused on the older interpretation were the layers 
of gap substance between the unit membranes involved. The gap substance is 
regarded in the unit membrane interpretation as extracellular, extramem- 
branous material. Fusion involving only this substance thus does not mean 
true membrane fusion. The two unit membranes might remain as separate 
complete entities each bounded on their apposed surfaces by extracellular ma- 
terial. We must, then, in using the unit membrane concept reconsider the 
possibility of the existence of a true fusion of the unit membranes in this 
synapse. 

In my 1955 paper* on this synapse a figure of 200 to 300 A was given for the 
over-all thickness of the synaptic membrane complex including the dense strata 
next to pre- and postsynaptic axoplasm. Similar dimensions have been found 
recently by de Lorenzo’ in the closely related lateral giant-to-motor synapse. 
These figures of 200 to 300 A did not represent statistical averages, since extreme 
values of as little as 140 A and as much as 400 A were found. However, these 
extremes were considered due to artifacts introduced partly by the stresses of 
sectioning and partly by fixation and disregarded. It was considered better to 
delay further interpretation of the meaning of the features of the synaptic mem- 
brane complex until a better understanding of the general structure of axon and 
Schwann cell membranes could be achieved. Hence this problem was laid aside 
in favor of the problem of myelin structure and development, for this seemed to 
offer the possibility of acquiring an understanding of membrane structure that 
would make a’ more complete interpretation of the synaptic membrane complex 
possible. During the period 1955 to 1960 this related but separate topic was, 
‘therefore, pursued and led eventually to the understanding of cell membrane 
structure expressed in the unit-membrane concept. A re-examination of the 
membranes at the crayfish synapse then seemed worthwhile and was begun. 
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The preliminary evidence reported here, however, involves mainly a re-evalua- 

tion of older micrographs. 
Although not always found, many instances were noted in which the over-all 

thickness of the synaptic membrane complex over most of the extent of contact 


of a synaptic process with the median giant axon fell as low as ~150 A, and this 
now appears to have more significance. Furthermore, upon cutting new 
sections of the older methacrylate-embedded material and examining them at 
higher resolution with the Siemens electron microscope in some instances I 
found a delicate dense stratum ~30 to 40 A thick bisecting the light zone of the 
synaptic membrane complex. This is illustrated in FIGURE 33. The synaptic 
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membrane complex in this instance measures less than 200 A in over-all thick- 
ness. There is a broken delicate dense line ~30 A thick not unlike an intra- 
period line in myelin bisecting the gap between the paired membrane structures. 
Although the over-all thickness of this paired membrane structure was some- 
what high, being closer to 200 A than 150 A, the appearance was very similar to 
that which one would expect to see in an “external compound membrane” as 
defined in my paper of 1958.39 External compound membranes result when- 
ever the ~100 to 150 A gap between paired ~75 A unit membranes is oblit- 
erated and the two membranes come together with very intimate apposition of 
their outside dense strata as occurs in myelin at the intraperiod line. A number 
of examples were found in the crayfish synapse in which the synaptic membrane 
complex measured ~150 A in thickness. This finding may be quite significant 
Since such intimate membrane contacts as this have not been seen at all in 
other types of synapses”.?45.16 where a definite gap between the apposed 
membranes has been found. 

External compound membranes as noted above occur normally in the axon- 
Schwann membranes of the juxtaterminal myelinated regions of nodes of 
Ranvier in a relationship suggesting that they may have some function in 
saltatory conduction. It seemed thus that this kind of unusually intimate 
membrane contact relationship in this excitatory crayfish synapse might be in 
some important way related to the evidence of Furshpan and Potter" suggesting 
that this synapse is characterized by electrical rather than neurohumoral 
transmission. While the findings suggest strongly that numerous external 
compound membranes exist in this crayfish synapse, it is intriguing to go 
further and consider the possibility that even more intimate contacts might 
exist involving true membrane fusion. Before taking up this matter we must 
decide exactly what we mean by “fusion,” for one may think of membrane 
fusion in several different ways. 

For our purposes we may define the minimum requirement for fusion as that 
condition in which the structural integrity of one or both of the apposed mem- 
branes is broken to such an extent that one or more of the essential mono- 
molecular strata of one of the unit membranes is replaced by a single monolayer 
where two existed before. Whether this new monolayer is formed from a 
mixing together of the constituent molecules of the two previously separate 
monolayers or represents only one or the other need not be specified. We shall 
exclude from this definition even the most intimate and purely physical contacts 
of the two membranes. For example, we shall not speak of fusion even if two 

apposed membrane monolayers are so close together that interpenetration of 
_ side-chain groups occurs, as long as the integrity of the backbone chains of each 
monolayer is retained. Thus very intimate membrane contacts such as those 
_ found in nerve myelin or in the most tightly bound together external compound 
membranes will not be considered to represent fusion in this paper. 

Some external compound membranes such as those shown in FIGURES 11@ and 
bare so intimately associated that their over-all thickness is less than the sum 
of the over-all thicknesses of two ~75 A unit membranes. Instead of meas- 
uring ~150 A in thickness they may measure ~120 A. The mesaxon loops 
packed in myelin are an example of a similar phenomenon. “Here the isolated 
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mesaxon before compact myelin is formed may measure ~150 A in thickness 
but, when included within compact myelin, it may measure only 100 to 120 A 
in thickness. It would be expected to measure ~150 A if each of its component 
unit membranes simply added its thickness to the compact structure. Ido not 
consider this kind of reduction of thickness to be necessarily due to membrane 
fusion in the sense defined above. The differences can be explained in several 
ways, even leaving out optical artifacts. This reduction, in my opinion, does 
not involve true membrane fusion although it is conceivable that it involves 
some degree of interpenetration of side chains of the nonlipid monolayers 
bounding the unit membranes. This latter possibility might be entertained 
more seriously in considering the major dense line constituents but there is very 
little evidence to support it. At any rate, no fusion in the sense defined above 
seems to occur in myelin. 

There is nevertheless one kind of structure seen in mesaxons in which there 
seems definitely to be a partial membrane fusion in the sense defined here. I 
have already described this structure,“ but since it is of such pertinence to the 
present discussion I think it should be mentioned again. In developing nerve 
fibers there are regions of evident partial membrane fusion in very restricted 
loci in mesaxons. These occur quite regularly in young myelinating fibers and 
are also seen in mesaxons of adult nerve fibers. F1iGURE 34 is a transection of a 
developing mouse sciatic nerve fiber in which such a partial fusion of the unit 
membranes of the mesaxon may be seen in three restricted local regions (ar- 
rows). The enlargement shows these regions in more detail. At the arrow in 
the enlargement to the right the two outer dense strata of the unit membranes 
of the mesaxon, which in some places are combined to make the central dense 
stratum of the usual external compound membrane, are eliminated locally. 
In such regions the over-all thickness of the compound membranes is reduced to 
less than 120 A. There is no doubt about the significance here of the reduction 
locally of the compound membrane thickness, for the region of reduction is small 
and the compound membrane to the upper right may be used as a control to 
eliminate sectioning and optical artifacts. It is possible to explain this evident 
partial membrane fusion as being produced by a retraction locally of both the 
outside nonlipid monolayers bounding each of the two combined unit mem- 
branes externally with some degree of interpenetration of the remaining lipid 
polar groups roughly as indicated in the molecular diagram in FIGURE 35¢. Com- 
plete fusion of the unit membranes in such regions has not yet been observed. 
This would involve the complete merging together of the two lipid bimolec- 
ular leaflets to make a structure ~75 A thick like a single unit membrane as 
shown in FIGURE 35d. Note, however, that if such a structure is found, despite 
a similar appearance and thickness, it will be different from the ordinary unit 
membrane in a most important way. The unit membrane is thought to be 
chemically asymmetric in the sense that the nonlipid monolayer bounding 
cytoplasm is significantly different from the one bounding extracellular ma- 
terial. In the fusion membrane of FIGURE 35d each of the nonlipid mono- 
layers bordering the single bimolecular leaflet of lipid is alike in the sense that 
it borders cytoplasm. Such a membrane would then be chemically sym- 


metrical and quite different from the asymmetric unit membrane hitherto re- 
ferred to. 
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__Ficure 34. Micrograph of transected protofiber in young mouse sciatic nerve fixed with 
KMn0, and embedded in araldite (Ax., axon; Sch., Schwann cytoplasm). The mesaxon at the 


3 arrows shows regions of unusually close apposition or partial fusions” One such region is 
indicated by the arrow in the enlargement to the right. 70,000; enlargement, X 265,000. 
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We must now ask whether true unit membrane fusion occurs in the crayfish 
synapse. In fact there is a certain amount of evidence that might be inter- 
preted as suggesting this. Unfortunately the evidence is at present, in my 
experience, confined to OsO,-fixed material embedded in methacrylate, and 
hence the details of unit membrane structure are not visible as they would be 
in KMn0, fixed preparations embedded in epoxy resins. An examination of 
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Ficure 35. Diagram of an ordinary paired membrane structure like that seen generally 
between cells. (6) Diagram of an external compound membrane with very great reduction of 
the gap between the two paired membranes. (c) Diagram of an external compound membrane 
with regions of partial fusion of the kind seen in FicuRE 34. (d) Diagram illustrating a hy- 
pothetical complete unit membrane fusion. Note that the unit membrane resulting from such 
a fusion would consist of a bimolecular leaflet of lipid bounded by two ‘X’ layers. Other kinds 
of unit membranes are characterized by a bimolecular leaflet bounded by an ‘X’ layer on 


one side and a ‘Y’ layer of nonlipid on the other. These molecular i i ighly 
Sere dtsioothetteal olecular interpretations are highly 


this kind of material will be essential before a final decision is made. To be 
sure there are some instances in which the over-all thickness of the synaptic 
membrane complex is reduced well below 150 A. For example, in FIGURE 32 
the over-all thickness is only 100 to 120 A. This reduction in thickness might 
very well be explained in the same way as that used to explain the reduced 
thickness of the external compound membranes in FIGURES 11a and 118 or the 
reduction of the apparent thickness of the mesaxon in compact myelin as out- 
lined above without invoking true membrane fusion. A partial membrane 
fusion like that in FIGURE 35c, might very well be responsible. It is also pos- 


Robertson: Ultrastructure of Excitable Membranes 387 


sible that a complete membrane fusion like that in FIGURE 35d, is responsible. 
The evidence presented here does not allow a final decision on these alternatives. 

From the findings reported here it appears highly probable that external 
compound membranes occur in the crayfish giant synapse, but whether a com- 
plete or even partial unit membrane fusion occurs is unsettled. In any event, 
the elimination of the gap between the paired axon membranes at some regions 
in this synapse may be expected to have a profound effect on synaptic trans- 


_ mission and may conceivably be sufficient of itself to account for the apparently 


pure electrical transmission properties of this synapse. 

It is not as yet clear whether such intimate membrane contacts with the 
formation of external compound membranes and possibly partial or complete 
fusion is present to a significant degree in vertebrate central nervous systems. 
However, it seems important to seek these structures since, if they are present, 
they may be of great importance in excitatory synaptic transmission in ver- 
tebrate nervous systems, as well as in the special case of the excitatory cray- 
fish synapse dealt with here in preliminary fashion. 
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THE MACROMOLECULAR PROPERTIES OF 
EXCITABLE MEMBRANES* 


L. J. Mullins 
Department of Biophysics, University of Maryland School of M: edicine, Baltimore, Md. 


Our notions about the structure of cell membranes in general and excitable 
membranes in particular have undergone considerable revision over the past 
15 years; I hope to touch on these changes and the reasons for them. My 
task is made somewhat difficult because I am expected to serve as a bridge, 
connecting the findings of J. D. Robertson, who tells us what excitable mem- 
branes look like, and those of Harry Grundfest, who discusses what an ex- 
citable membrane does and how it does what it does. 

The classic membrane model is that of Danielli: a bimolecular lipid layer 
with an outer protein coat. With the assumption that it is the lipid layer that 
is the barrier to solute diffusion, many experimental measurements of mem- 
brane permeability have been reconciled. Nevertheless, in spite of these 
reassuring features, it must in fairness be noted that the proposition that large, 
lipid-soluble molecules penetrate more rapidly than water-soluble molecules of 
equal size has never been subjected to an adequate experimental test. The 
apparent ease of penetration of relatively small molecules of high partition 
coefficient may have another explanation along the following lines. Consider 
2 molecules: 2 methyl butanol and glycerol; they are both about the same size 
because the sum of C and O atoms is 6 in both cases. They differ in that the 
butanol forms only 1 H-bond with water, while glycerol forms 3. If the energy 
of such bonds is considered to be 6 kcal./mole, then glycerol with 18 kcal. 
differs from butanol by 12 kcal., and the result to be expected is that glycerol 
will have a negligible vapor pressure in equilibrium with aqueous solutions 
while that of butanol is easily measurable. With respect to the cell membrane, 
2 possibilities emerge from this analysis: either glycerol must penetrate in the 
hydrated state, which means that the molecule is much larger than one would 
judge from model measurements, or the molecule penetrates in an unhydrated 
state. We must then consider, however, that very few molecules exist in such 
a state, so that the use of aqueous concentration for estimating driving force 
grossly overestimates the available concentration of penetrating molecules. 
Notice that these conclusions are reached without introducing any role for 
lipids. Partition coefficients can be expected to correlate well with penetra- 
tion rates in so far as they reflect the activity coefficients of a molecule in 
water (relative to the pure liquid as a standard state). If pore size is the lim- 
iting factor for penetration, large lipid molecules would be excluded. From the 
fact that a large lipid-soluble molecule such as ouabain appears to act only on 
the outside of the membrane, it is possible that this molecule cannot penetrate. 

Nonhomogeneous Membranes 

The attractiveness of the Danielli membrane, from the standpoint of mathe- 
matical analysis, is that it is approximately homogeneous. When the pene- 
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tration process is considered to take place through channels or pores in the 
membrane the situation becomes more complex. The analysis of this com- 
plexity and the development of another model of the membrane is the subject 
of this paper. 

Capacitance. The classic studies of Cole and Curtis (1936) and of Fricke 
(1925) showed that a membrane capacitance of 1 uF/cm.2 was an almost 
_ universal biological constant and, furthermore, that this value was unaltered 

by electrical excitation. The reasonable inferences drawn from such measure- 
ments were two: the membrane is a thin structure (about 50 A), and there is no 
drastic structural alteration during electrical conduction. Furthermore, the 
measurements appeared to fit well with a bimolecular lipid layer of 37 A and 
a dielectric constant of 3.5. A membrane resistance of 1KQ cm. also gives a 
specific resistivity of the lipid layer of about 10°2 cm., that, although several 
orders of magnitude lower than the usual values for oils, still appears reasonable. 

If the pathways through which ion penetration takes place are nonhomo- 
geneous, it is possible that the structure responsible for the capacitance is 
also not a simple one. The two general cases are shown in FIGURE 1, wherein 
(6) the dielectric constant varies in the direction across the membrane while in 
(c) the dielectric constant varies from point to point on the membrane surface. 
The diagram of FIGURE 1a is the homogeneous dielectric constant membrane 
that gives a constant electric field across the membrane, and is the case for which 
general flux equations have been worked out. In the ‘dielectric sandwich’ 
membrane 8, the electric field is variable across the membrane thickness, while 
in ¢ it is the surface charge density that is variable. The conclusion comes 
_ from considering that such a capacitor can be divided into two capacitors in 
parallel with different dielectric constants. If both had the same charge den- 
sity on the plates, then the potential difference across them would be different; 
as they are connected together, however, charge will be redistributed until 
potentials are equal and charge densities different. The effect of both arrange- 
ments (6 and c) is to permit a thicker membrane for the same capacitance 
than would be the case for a homogeneous, low dielectric constant structure. 
Arrangement 6 would appear to have the advantage that, if one considers that 
the structure seen as a double line in the electron microscope is lipid, its thick- 
ness approximates the spacing that is actually observed. 

At this point it seems worthwhile to interject a note of protest against the 
use of myelin as a model for the structure of excitable membranes. This ex- 
cretion of the Schwann cells appears to have as its principal physiological role 
that of an insulator. While it is true that one wants an axon reasonably in- 
‘sulated at rest, it is equally true that one wants a high conductance during 
activity, and it is difficult to see how such a structure could be rearranged to 
manage this. To the argument that Schwann cells are always found in in- 
timate contact with axons one can reply that muscle fibers give action poten- 
tials in very many ways similar to those of axons and yet have no Schwann 
cells. 

Ion flux. As we turn from the ion impermeable part of the membrane to 
the part that allows the passage of ions, we face the problem of developing a 
structure that will (1) discriminate between ions of various sorts, (2) exhibit 
marked permeability changes in response to altered membrane potentials, and 
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(3) show some relationship between ion flux and electrochemical potential 
difference that can be derived from first principles. 

The usual equations for ion flux as a function of potential and concentration 
are two, one derived from a simple statement of Ohm’s law (Equation 1) and 
the second from the integration of the general equation for flux along 


m a g(E ar E.)/F (1) 


P EF(C.e*"'"" — Ci) , 
RT(1 — e~#F/R7) ( ) 


a concentration gradient with constant field. The symbols are: m, the net 
flux of an ion, g its conductance, F the Faraday, E the membrane potential, 
E, is the equilibrium potential of the ion defined as E, = RT(F)“ In C,/C;, 
P is ion permeability, C, and C; are outside and inside concentrations. The 


m= 


.<lOOA > 
<7OA> 


+ + +/+ + + 
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two equations are not equivalent, but have been found convenient to apply to 
different sorts of experimental measurements. Thus Equation 1 has been used 
for the analysis of the squid axon currents during voltage clamps by Hodgkin 
and Huxley (1952). Similar voltage clamp data for the nodal membrane of 
frog nerve fibers (Dodge and Frankenhaeuser, 1959) have required Equation 2. 
The fact that either of these equations are used for the experimental data does 


not represent a very exacting test because of the presence of an adjustable 


parameter, gin 1 and P in 2. In the total absence of information as to how 
permeability ought to change with potential, no real test is possible. When 
we come to the analysis of unidirectional fluxes with isotopes, 2 has the desir- 
able feature that it can be divided into an influx and efflux term. Such meas- 
urements of influx and efflux of an ion using tracers provide a further check 
on the validity of relations between current and unidirectional fluxes. Note, 
however, that 1, which has been found to be valid over times of the order of 
those experienced in voltage clamp measurements, is a more general equation. 
It does not require a constant field assumption and by combining it with the 
Behn (1897) equation for flux ratios as given by 8, unidirectional fluxes can be 
obtained when E£ is far from EF, . 


m;/Mo = e(E-E,)F/RT (3) 
Such a transformation is shown in 4. When the exponential becomes 
mh = mM; — Mo = m(e2-#,)FikT — 1) (4) 


quite small as it does for (H — F&,) greater than 75 mv., the current m ap- 
proaches —m, , the outflux. 

There are some advantages that derive from considering that the electric 
field of the membrane is distributed discontinuously across its thickness, as in 
FIGURE 10, and that such field as exists acts to set boundary conditions of con- 
centration on the two sides of the membrane. The difference between such a 
variable field membrane and the constant field membrane of Goldman (1943) 
is that ions are not driven by an electric field acting continuously on them as 
they cross the membranes; the field acts on ions as they enter or leave the 
membrane. If we suppose that the region of high field has a thickness of the 
order of ion size, the distribution of ions between bulk solution and surface 
phase is given by the usual relationship C,, = BC,e**"/#7 where Cy is the mem- 
brane surface concentration, C, is the concentration in the bulk solution, ¢ is 
the fraction of the membrane potential acting on the outside surface, B is a 
partition coefficient, and the other symbols have their usual significance. A 
similar equation can be written for the inside of the membrane: 


Cm = BC e—* Fler, 


 — 

Ficure 1. Three different arrangements of the membrane condenser are shown. In a 
is the conventional parallel plate condenser with a material of homogeneous dielectric con- 
stant (D = 4) between the plates. The potential falls linearly across such a condenser and 
the electric field is constant. In 6 the dielectric is a sandwich type of structure with 2 thin 
sections of low dielectric constant and a thicker region of high dielectric constant. Both 
the potential drop and therefore the electric field vary discontinuously with distance across 
such a condenser. In c there are regions of high and low dielectric constant but these ex- 
tend across the thickness of the condenser. The field is approximately constant, but the 


charge density, shown by + and — is variable. 
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Now the net movement of ions across the membrane in the absence of an elec- 


tric field should be given by the relatively simple equation m = P(Cm — e's) 


where #7 is the net flux and P is ion permeability and includes the constants 
B, B’. The relationship developed can therefore be written as in Equation 5, 
where a is the fraction of the total membrane potential 


m= P(C.e2*#F/8T = Cye74-@ BF! RT| (5) 


acting on the outside. For the symmetrical variable field case shown in FIGURE 
1b, a is 0.5 and with the substitution 8 = sEF/2RT, Equation 5 can be re- 
written as Equation 6. 


o ef flux 
e influx 
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Ficure 2. This is a plot of K+ influx and efflux (in pmole/cm. sec.) for a muscle in sul- 
fate ringer solution as a function of external K+ concentration. Osmotic pressure is main- 
tained at the normal value of ringer solution and the curve is calculated from Equation 6. 
Points for both influx and efflux are from some unpublished data from this laboratory, ex- 
cept for the value for influx in 100 mM Kt, which has been supplied by R. A. Sjodin. , 


m = P(Cye® — Cie) (6) 


For reasons discussed below, some reservations must be made regarding the 
applicability of 6 to cases where m is not equal to zero. For the zero net flux 
case, however, the equation should be strictly applicable and can be tested by 
comparing its predictions with measured fluxes of frog sartorius muscle in 
sulfate ringer with varying K+ concentrations. Such a comparison is shown 
in FIGURE 2 where the solid line is Equation 6 with Px = 55 A/sec., [K]; = 
140 mM and £,, taken from best values for membrane potential. It should 
be pointed out that the equation reduces to the flux ratio Equation 3 what- 
ever the value of a in 5, but not all values of a give the experimentally meas- 
ured values for unidirectional K* flux. No great effort has been made to ad- 


dees 
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just a for best fit, as a value of 0.5 appears quite satisfactory. At low values 
of [K]o, influx and efflux diverge, and at 2.5 mM K, mix is 4 pmole/cm.2 
sec. which is precisely equal to the computed Nat influx where this is given as 
m, = Py,C.e® with Py, taken as 1 per cent of Px or 0.55 A/sec. This is satis- 
factory agreement, but it must be noted that Sjodin (1959) has found that the 
constant field equation, with a constant Px also represents K+ influx quite well. 
_ Another situation where the variable field model may be of help is in the 
analysis of the rate of membrane potential change when a muscle fiber in sul- 
fate ringer is subjected to a sudden step change in [K]o. Neglecting the pos- 
sible leak of any other ions, the only change in K+ is that ionic current neces- 
sary to change the charge on the membrane capacitor to a value representing 
a new potential. Assuming that at zero time the net K+ flux is zero, the 
capacitative current Cdv/dt should equal the ionic current density J; as given 
by Equation 7, where R,, is 


Cdv/di = MF = I, = (EF — Ex)/Rm (7) 


the membrane resistance. A step change in [K]) changes Ex to a new value 
and if the difference (EK — Ex) is denoted by », then dv/di = v/R»C, where 
R,,C has the dimensions of time and is the time constant for the change in ». 
Such an equation predicts a symmetrical rate of response of the membrane 
potential to displacements of Ex while experimentally (Hodgkin and Horo- 
wicz, 1960) an asymmetry is found. 

The variable field model gives a somewhat different result in that the initial 
value of dv/di is several fold greater for depolarization as compared with re- 
polarization. For the step change from 2.5 — 140 mM Kt, a Px cf 55 
A/sec. and an initial value of E, of 100 my, the initial value of dv/dt is about 
10 v/sec., while for the return from 140 to 2.5 mM Kt with £, = 0 at ¢ = 0, 
dv/dt is 1.4 v/sec. The net flux has been computed at 10 mv intervals using 
Equation 6 and this used to compute v vs. ¢ for the step change in Kt indicated 
above. The result is shown in FIGURE 3. 

The objection may reasonably be raised that Equation 6 predicts an ex- 
ponential relationship between current and potential because for large displace- 
ments of membrane potential the net flux or current will be given almost en- 
tirely by one of the exponentials, while the other will have a value close to 

zero. ‘This is so because no allowance has been made for the change of mem- 
brane surface concentrations that must be expected whenever there is a net 
flux. Such a change has the effect of diminishing the difference in surface 
‘concentration and thereby making the net flux less. A proper modification 
of the equation would be to introduce permeability coefficients for the move- 
ment of ions from membrane surface into internal and external phases but 
such a treatment would make the equation an arbitrary one and it appears 
better at present not to attempt to deal with the effects of current flow. For 
small (ca. 25 my) displacements of the membrane potential, Equation 6 gives 
a reasonably linear relationship between current and voltage, and indeed it is 
doubtful if displacements as large as 50 mv show up as deviations from such a 
linear relationship. Potassium ion conductances can be calculated for the 
‘muscle fiber in 2.5 and 140 mM K* using Equation 1 for gx and 6 for mx . 
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When this is done for the condition: Em = 110 mv, [K]o = 2.63, Ex = 100 my, 
[K]; = 140, gx is45 umho/cm2 For En = 10 mv, [K]o = 140, Ex = 0, [K|i = 
140, gx is 290 umho/cm.? These values, at a constant Px of 55 A/sec., are 
within the range of those measured experimentally. 

Flux interactions. Another difference between homogeneous and pore mem- 
branes is that in the latter the movement of ions of various sorts may not be 
independent. The nonindependence of K+, Rb*, and Cst influxes from mix- 
tures of these ions has been clearly demonstrated by Sjodin (1961), who finds 
that in frog sartorius muscle the influx of K* or Cs* is depressed several fold 
by the presence of Rbt in ringer solution. In a homogeneous membrane the 
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Ficure 3. The change of membrane potential as a function of time after a muscle has 
been subjected to a step change in Ko from 2.5 to 140 mM has been computed as described 
in the text and is shown on the left of this diagram. The repolarization on returning to 2.5 


mM K* is shown on right. Time is in seconds and has been computed using a membrane 
capacity of 5.5 uF /cm.* 


expectation would be that, for reasonably dilute solutions each ion would set 
up its own gradient in electrochemical potential and that each would move 
independently. A pore membrane differs from the homogeneous case in that 
it has a limited number of sites where transfer of ions can take place. The 
result is that phenomena such as transfer rate saturation and competition for 
sites may be expected to take place. 

The implications of these findings are two: the apparent permeability of the 
membrane for, for example, K+ is a function of [Rb]o , (competition) and the 
influx of Rb*+ versus [Rb]o curve shows a continuous decline in Py, as concen- 
tration increases. Using the constant field equation, PR» declines five fold in 
going from 2.5 — 100 mM. With the variable field assumption, Pry need 
only decline by a factor of two but it is still clear that there is some sort of 
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interaction between Rb influx and K efflux such that both fluxes are decreased 
from values to be expected on the basis of a constant ion permeability. 
The Nature of Ions in Solution 


Because electrophysiological phenomena depend upon the ability of the 
excitable membrane to undergo relatively specific permeability changes favor- 


ing a particular ion species, it is of considerable importance that we understand 


how such changes may be brought about. Such an understanding can come 
only when more is known about the nature of ions in solution. 

The conventional view is that the size of ions in aqueous solution can be 
derived by applying Stokes’ law to conductance data. For a homogeneous, 
lipid film membrane one might expect that ions would pass by their ability 
to dissolve in the low dielectric constant lipid material. On the basis that 
LiCl can be almost quantitatively extracted from a mixture of Li, Na, K, Rb, 
and Cs by shaking with amyl alcohol, one infers that a lipid membrane ought 
to have a high permeability for Lit while precisely the opposite is true; Lit is 
the least permeable of the alkali metal ions. For a pore membrane, the large 
size of Lit as deduced from conductance data would appear to offer good grounds 
for supposing that Lit was kept out on a size basis. The fact that Cst is 
also a poorly penetrating ion, although from conductance data it is smaller 
than Kt, would appear to offer considerable difficulty in accepting the validity 
of conductance data in predicting ion size. A somewhat different method 
of estimating ion size for penetration through cell membranes has been described 
by Mullins (1959) ; this supposes that the radius of an ion is given by the crys- 


_tal radius of the ion plus one water molecular diameter. 


These two methods of estimating ion size are compared in FIGURE 4, which 
shows both the ‘hydrated ion radii’, the singly hydrated ion radii, the relative 
permeabilities of the ions, and a pore size that has been measured in the squid 
axon by Villegas (1961) using a method developed by Solomon (1960) and is 
based on considerations of molecular sieving. The advantage of this method 
appears to be that it offers some prospect of making possible the estimation of 
pore size of the membrane by measuring ion permeability for a variety of 


“monovalent cations. The general reasoning in connection with the penetration 


of an ion through a membrane pore is that the hydration energy binding the 
ion into the water structure will not permit an ion to escape from solution to 
membrane unless there is a rather precise fit between the pore and the hy- 


drated ion. Ion size, itself, must be quantized in units of water molecules. 


An ion can therefore have a size equal to crystal radius plus one complete shell 
of water molecules, or any integral number of such shells. The energetics in- 
volved in the passage of ions through a membrane with large (10 A) and small 
(4 A) pores is shown in FIGURE 5 where movement through a large pore is 


similar to that involved in diffusion in the sense that a close fit between the 


ion and the pore wall is not required, while for the 4-A pore a close fit makes 
the difference between an activation energy of about 60 kcal. and perhaps 10 
kcal. The binding energy for shells beyond the first is small and for other 
reasons this appears to be the proper size for physiological membranes. Thus 
the rate of permeation, at constant driving force, must be expected to be pro- 
portional to the number of pores that fit an ion of a particular size. 
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Crystal radius. It is important to realize that the crystal radii of ions have 
been derived on a semiempirical basis. While it is true that interatomic dis- 
tances in crystals can be measured by X-ray diffraction with great precision, 
the assignment of radii for the constituent atoms depends on assumptions. 
The great confidence that one has in such values, however, derives from the 
fact that the radii obtained are additive in the sense that correct distances are 
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Ficure 4. The hydrated ion radii derived from conductance data are compared with 
the singly hydrated radii. On the left is shown the conventional hydrated radii of ions Na-Cs 
together with the size of a water molecule. The dashed circles are crystal radii. Arrows 
immediately to the right of the first column denote the relative permeability of the muscle 
fiber membrane for these ions. In the next column the singly hydrated radii are shown, 
the center solid line is the crystal radius, while,the outer solid line is the singly hydrated 
radius. On the right is a membrane pore of 4-A radius that is far larger than the conven- 
tional hydrated radii but of the same order of size as the singly hydrated ions. 


obtained for a variety of crystals with different combinations of cation and 
anion. When we come to substances such as tetraethylammonium ions, how- 
ever, it seems reasonable to measure crystal radii from models for C, H, and 
N. Such model measurements may not have the same scale factor as that 
used for crystal radii of inorganic substances and a small difference in scale 
may suffice to make the wrong conclusions about ion size. Some points of 
interest about the “onium” ions are that in a structure such as tN(C2Hs)q 
the C.Hs groups make the charge on N* sufficiently remote from the surround- 
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ing water so that such ions can be considered as unhydrated. From model 
considerations *N(CH;)4 would appear too small for penetration while ions 
beyond tetrabutylammonium would appear too large. 

Cations. Provided that the crystal radius of an ion is within the range of 
sizes 0.9 to 1.7 A the packing of water molecules around the ion to form a first 
shell offers relatively little difficulty, although there may not be the same 
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Ficure 5. On the lower left is shown an ion with 3 complete layers of hydration (solid 
Jines) while the dashed line represents any further hydration. Such a triply hydrated ion 
requires only about 9 kcal. of energy to escape from any further hydration, and has a radius 
of about 9 A. If therefore, a membrane has pore radius of 10 A it should be able to pass 
such ions in a manner similar to that involved in aqueous diffusion. The energy profile for 
such an ion is shown above. By contrast, on the right is shown a pore of 4-A radius that 
will accommodate an ion only in the singly hydrated state. To enter such a pore by a diffu- 
sion mechanism would require that the ion have an energy of about 60 kcal. It is supposed 
that there is a tunnel in the potential energy diagram, shown by the dashed line above, and 
that the conditions for entry via this pathway are that the ion and pore fit each other closely. 


number of molecules in the shell for ions at the large end of size scale. When 
an ion has a crystal radius as small as Lit or Mgtt (ca. 0.6 A), however, it 
appears that the water molecule shell that is to comprise the first layer cannot 
contract sufficiently to fit such ions. The minimum size would appear to be 
about 3.55 A (from model measurements) while computations using Li* crystal 
radius (0.65 + 2.72) would give 3.37. This situation with Lit is similar to 
that encountered in the analysis of interatomic distance in Li-containing crys- 
tals. FicurE 6 shows a scale drawing of the packing in KF~and Lil. The 
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crystal radii of K and F are virtually identical, while the crystal radii of Li and 
I differ greatly. It has been shown that the interatomic distance between I~ 
is fixed by the repulsive forces set up as two adjacent I- approach each other 
and the Lit are not packed tightly into the crystal. The situation for hy- 
drated Lit would appear to be similar to that in Lil crystals. It seems neces- 


Ficure 6. The arrangement of K and F ions in a crystal of KF is compared with the 


peng of Li and I in a crystal of Lil. Note that the dimensions of I determine the 
pacing. 


sary therefore to correct the sizes of Lit and Mgt for this effect but such cor- 
rections will not be necessary for other cations. 

Anions. In applying the same considerations to obtain the size of anions 
it must be noted that as water molecules are oppositely oriented, the effective 
size of the water molecule is different from that when it surrounds a cation. 
This is so because water is a V-shaped structure and can therefore fit more 
closely around an anion than a cation as shown in FIGURE 7. Model measure- 
ments suggest that there is close to an 18 per cent contraction, hence anion 
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sizes have been calculated as crystal radius +0.82 (2.72). The results of these 
calculations are shown in FIGURE 8 where the singly hydrated radii of a large 
number of ions are given. 

The physiological properties of ions. Penetration rates into frog sartorius 
muscle have been determined for a number of ions; from such measurements 
it is possible to infer something about a pore size distribution curve. This is 
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Ficure 7. The orientation of water molecules of hydration around a cation (above) and 
an anion (below) is shown for 2 hypothetical ions of crystal radius r. 1.5 for the cation and 
2.0 for the anion. The singly hydrated radii, rp, , are identical in both cases (4.2). 


shown in FIGURE 9, where the rates for the alkali cation series Na, K, Rb, and 
Cs are from Mullins (1959). The rate for Lit is not shown but is similar to 
that for Nat+ (Keynes and Swan, 1960). The values for I are some unpub- 
lished ones from this laboratory, while the values for Po) is taken from Hodgkin 
and Horowicz (1959). Together these values for permeability describe a curve 
which should ‘be related to pore size of the membrane. The possibility that 
anions and cations may pass the membrane of the muscle fiber via different 
‘pathways does not disturb this analysis; it is also consistent with the idea that 
the permeability data can be accommodated within a single range of pore sizes. 
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It is to be emphasized that there is no clear-cut experimental information on 
the precision of fit demanded by the membrane-ion interaction but, from the 
marked interference between K+ and Rbt, it may be assumed that they both 
have a fairly high probability of dividing between them the pores that are 
available. The fact that a high discrimination between Na and K can be 
maintained is probably not so much a reflection of a lack of competition between 
these ions as it is a competition between Ca++ and K* since Cat*, with the 
same size as Nat, may be expected to be a much stronger competitor. 
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Ficure 8. This diagram shows the computed singly hyd ii i i 

. J y hydrated radii of a variety of ions. 
Values for Lit and Mg** have been adjusted as explained in the text, as have the vabiee for 
the anions. Their vertical bars on the right indicate the limits, within 1 standard deviation 
+ of a pore size with a mode at K* size (upper bar) and Na* (lower bar). 


Summary 


A suggested model of the excitable membrane is that of a nonhomogeneous 
structure containing ion permeable areas, or pores, and ion-impermeable areas 
that are responsible for the condenserlike properties of the membrane. If 
the dielectric constant of the membrane is considered to be nonhomogeneous 
the equations for ion fluxes are altered from those obtaining for the constant 
field case. An analysis of the rate of penetration of ions of differing size leads 
to the suggestion that the ion-permeable parts of the membrane have pores 
of the order of 4 A in radius. The discrimination shown by the membrane for 
Nat, K+, and other ions appears to be on the basis of ion size. 
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IONIC MECHANISMS IN ELECTROGENESIS* 


Harry Grundfest 


Department of Neurology, College of Physicians and Surgeons, 
Columbia University, New York, N.Y. 


Electrogenic Cells 


Varieties of excitable cells. Since the classical objects of electrophysiological 
study have been peripheral nerves and a few kinds of muscles, excitable cells 
have come to be identified with responsiveness to electrical stimuli. This 
meaning, which still persists in textbooks (cf. Ruch and Fulton, 1960, p. 37), is 
wrong, however, since gland and sensory cells, some muscle fibers and electro- 
plaques and, indeed, the receptor portions of nearly every ‘“excitable’’ cell are 
electrically inexcitable, although they do respond to various specific stimulat- 
ing agents (Grundfest, 19576, 1959a; Grundfest and Bennett, 1961). The 
excitable cells of the electrophysiologist would be more properly called “elec- 
trogenic cells,” for when they are excited to activity by some stimulus they 
tend to respond with a change in their membrane potential. 

However, the occurrence of electrically inexcitable electrogenesis is not the 
only fact that falsifies the common tendency to regard frog and squid axons 
and vertebrate muscle fibers as the exemplars of electrogenic cells. Recent 
microelectrophysiological studies on many kinds of cells, carried out with suffi- 
cient attention to the details of their electrogenic activities, have also shown 
that the responses of electrically excitable membrane exhibit many variations. 

Thus, differences in effects of chemical agents on different tissues indicate 
distinctive membrane structures, although their electrogenic activities may be 
fundamentally the same. The kinetics of the different processes involved in 
electrogenesis may also differ, so that some cells produce brief spikes; in others 
the spikes are prolonged, while in still other cells the responses are graded 
rather than all-or-none. Graded responsiveness may be converted to all-or- 
none activity, and spikes may also be converted to graded responses. The 
durations and shapes of spikes may be modified by various agents and, in some 
cells, these changes can occur spontaneously. Spikes may occur in the absence 
of Na+ by appropriate change of the extracellular or intracellular milieu. 
Hyperpolarizing responses can be elicited under different conditions in various 
cells, while other excitable cells do not produce such responses. 

Accumulating at a rapid rate in recent years, these data have been regarded 

* The work described in this article is supported in part by grants from the Muscular 
Dystrophy Associations of America, Inc., New York, N.Y.; by Grant B-389 (C5) from the 
National Institute of Neurological Diseases and Blindness, Public Health Service, Bethesda, 
Md.; by Grant NSF G-5665 from The National Science Foundation, Washington, D.C.; and 
by the United Cerebral Palsy Research and Educational Foundation, New York, N.Y. 

+ The change should not be identified (cf. Ruch and Fulton, 1960) exclusively with the 
spike that is the all-or-none response produced by axons and by some muscle fibers (TABLE 1). 
The action potentials of these tissues may include after potentials as well as spikes (Grund- 
fest, 1940). In many types of invertebrate muscle fibers the electrically evoked action poten- 
tial is a graded response (Altamirano and Grundfest, 1954; Altamirano ef aly. 1955a). Their 

neurally evoked activity may be a combination of an electrically inexcitable postsynaptic 


potential (p.s.p.) and of an electrically excitable graded response. The combination fre- 
quently results in a potential that resembles a spike (Cerf et al., 1959, and FIGURE ZY 
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(Spyropoulos and Tasaki, 1960; Koketsu, 1961) as a challenge to and refuta- 
tion of the currently accepted ionic hypothesis that was initially designed to 
account specifically for responses of squid axons (Hodgkin and Huxley, 1952) 
but which has also shown remarkable versatility in its application to account for 
the activity of other electrically excitable cells (Hodgkin, 1957). Nevertheless, 
many of these seemingly discordant data may be explained in terms of the 
ionic hypothesis, on the basis, however, of including a number of additional 
membrane processes. Evidence will be presented to show that the events of 
electrogenic activity are more varied and complex than was envisaged in the 
original hypothesis.* 

Role of the cell membrane. The intimate nature of the various electrogenic 
processes, or transducer actions (Grundfest, 1957) is still unknown, but their 
seat is very probably in the cell membrane that separates the interior of the 
cell from the surrounding fluid. The ionic compositions of the intra- and ex- 
tracellular phases are very different, and these differences can account approxi- 
mately for the resting potential difference across the cell membrane (inside 
negative relative to outside), on assuming that the cell membrane at rest is a 
potassium electrode. However, even at rest the membrane is far from being 
a barrier to other ions. The resting potential therefore cannot be entirely 
explained by Donnan equilibrium conditions (Grundfest, 1955). 

Maintenance of a steady state of ionic inequalities despite a constant tend- 
ency for mixing by diffusion requires the existence of metabolically energized 
“pumps.” Although their mechanisms are also unknown, at least two are 
recognized. One extrudes Nat against a higher external concentration, the 
other takes in K* against a higher internal concentration. They may be 
coupled in action in squid giant axons (Hodgkin, 1957). However, in the frog 
nerve the pumps seem to be coupled differently than in the squid axon (cf. Hurl- 
but, 1961). The pump mechanisms are probably electroneutral in squid 
axons (Hodgkin, 1957), but it is conceivable that in other systems their activity 
may itself contribute an emf (Grundfest, 1955). 

Electrogenesis. ‘The ion specific properties of the resting cell membrane 
probably also form the basis of the electrogenic responses to excitation. Ac- 
cording to the ionic theory (Hodgkin, 1951, 1957) and to its various secondary 
modifications (Eccles ef al., 1954; Fatt and Katz, 1951, 1953a; Grundfest, 
1957a) the electrogenesis is caused by changes in membrane permeability for 
one or another, or for all 3 of the major ionic species present in the living sys- 
tem (Nat, Kt and/or Cl-; TaBxe 1), but participation of other ions (for ex- 
ample Ca++, Mg**) is not ruled out. Other theories of electrogenesis have 
also been put forward (Lorente de N6, 1947; Tasaki, 1959a; Teorell, 1959), 

* Hodgkin (1957) has i i ; «“ * ) 
In view of the Sed re ae sScttateak thatiat baie rote ue ‘nliaton e 
squid axons should more justly be termed semiempirical (Grundfest, 1955). 

{ For alternative theories of the membrane potential (cf. Lorente de N6 (1947) and Ling 
(1960)). The view adopted in the present paper is that the resting potential is a diffusion 
potential based on the unequal distributions of different ions, but primarily of K+; that the 
distributions are set by Donnan conditions within the framework of metabolically driven 
pumps; that it is necessary to take into account the relative permeabilities of all the principal 
ions, K*, Cl, and Nat. When appropriately applied, the constant field equation (Hodgkin 


and Katz, 1949) can account for a wide variety of deviations that result from ilibri 
Ké for av nonequil 
conditions that usually prevail in bioelectric measurements (Girardier e¢ al., 1961). gi 
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but the range of their applicability is far narrower than is that of the ionic 
theory. 

: The presence or absence of changes in permeability in response to stimuli dis- 
tinguishes electrogenically reactive from electrogenically inert membrane com- 
ponents. The latter may be unreactive with respect to all ions, behaving 
essentially as does an inanimate semipermeable membrane. This type is 


TABLE 1 
CLASSIFICATION OF ELECTROGENIC SYSTEMS 
Electrogenesis Depolarizing Polarizing 
Transducer actions for: Na + K and/or Cl K and/or Cl 
Depolarizing receptor po- | Hyperpolarizing receptor po- 
; ; tentials tentials 
Electrically inexcitable ac- | Generator potentials 
tivity Excitatory p.s.p.s Inhibitory p.s.p.s 
Depolarizing secretory po- | Hyperpolarizing secretory po- 
tentials tentials 
Graded responses Rectifying conductance in- 
4 f crease 
Electrically excitable ac- | Spikes (May develop small de- or 
tivity : i hyperpolarizations) 
Negative afterpotentials Positive afterpotentials 


Elecirogenesis. The overt response to appropriate stimuli, manifested as a change in 
membrane potential from its value in the unstimulated cell. Depolarization is a decrease 
in the inside-negative resting potential which in the spike goes as far as to make the mem- 
brane temporarily inside-positive; polarization, hyperpolarization or repolarization repre- 
sent the opposite, a tendency to increase the negativity or to maintain it in the face of de- 
polarization. 

Transducer action. The fundamental, as yet unknown, change in membrane properties 
in response to stimulation. Frequently, but not necessarily always, it causes electrogenesis. 
The ionic theory holds that the transducer actions produce electrogenesis by causing changes 
in permeability of the membrane to specific ions. 

Electrically inexcitable activity. Reaction of membranes that do not respond to electrical 
stimuli. It is evoked by specific stimuli such as chemical agents, thermal, mechanical or 
photic energy. 

Electrically excitable activity. This activity may be evoked by specific stimuli but is also 
initiated by changes in membrane potential. These may be depolarizing or the opposite. 
Propagation of activity is possible, since once electrogenesis is initiated it can evoke further 
activity by local circuit action. 

Receptor potential. Electrogenesis of a sensory cell that does not have an axon. 

Generator potential. Electrogenesis in the receptor portion of a sensory cell which has an 
axon. 

Postsynaptic potential. Response initiated in a neuron or effector cell by activity of a 
presynaptic fiber. , 

Secretory potential. Electrogenesis associated with activity of gland or neurosecretory 
cells. 

Spikes. All-or-none responses of electrically excitable membrane, which at their peak 
usually reverse the membrane potential to inside-positivity. They are capable of decre- 
mentiess propagation. ‘ i ’ 

Graded responses. Electrogenesis that varies in amplitude depending upon the stimulus 
strength and is decrementally propagated. : ; 

Afterpotentials. Smaller, more labile potentials that may follow the spike or graded 
response, outlast the spike somewhat, or may be considerably longer and are not all-or-none. 

Rectifying conductance changes. Membrane reactions that cause deviations in the linear 
relation between applied current and membrane potential. They may cause electrogenesis 


of either sign, or none. 
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exemplified by the membrane of the rostral, uninnervated surface of eel electro- 
plaques (FIGURE 12). Membranes may also be unreactive only with respect to — 
one or several ion species. Thus, the distribution of Cl- is a passive phenom- 
enon in many cells, determined by the electrochemical conditions set by a reac- 
tive component that changes the K-conductance (Boyle and Conway, 1941). 
However, in muscle fibers of decapod crustaceans such a passive membrane 
component for Cl (Girardier e¢ a/., 1961) exists in parallel with the reactive but 
electrically inexcitable Cl-conductance membrane of the inhibitory synapses 
(Boistel and Fatt, 1958; Grundfest ef al., 1959). In the uninnervated mem- 
brane of Rajid electroplaques there is an electrogenically reactive electrically 
excitable Cl-conductance component while a reactive K-component is absent 
(Bennett, 1961; Cohen et al., 1961). 

The change of permeability toward one or several ion species alters the elec- 
trode properties of the membrane. During activity the membrane passes a 
high current, since the resistance of the active membrane becomes low for 
specific ions which have high concentration gradients. A net current density 
of 10 mAmp./cm? is probably a fairly common value, and densities of the order 
of 50-100 mAmp./cm? are found (Grundfest and Bennett, 1961). The latter 
values probably approach the capacities of high-output primary cells and of 
storage batteries. Electrochemical theory in general does not cope with 
systems involving the ion and current conditions of bioelectrogenic activity 
and it therefore need not be surprising if quantitatively adequate theoretical 
explanations are not as yet forthcoming for all bioelectric data. 


Varieties of Electrogenic Actions 


Electrogenic manifestations of excitable membranes. Where the transducer 
actions are electrically inexcitable, the electrogenic behavior of the active 
membrane is a relatively simple function of the ions involved and of the elec- 
trochemical conditions, and is manifested as depolarizing and polarizing (or 
hyperpolarizing) potentials of several types (TABLE 1). In electrically excit- 
able membranes, however, the transducer actions are evoked initially by an 
electrical stimulus and may be further modified as the membrane potential 
changes. Thus there may be regeneration. Like the manifestations of elec- 
trically inexcitable membrane these effects may tend to increase the initial 
electrogenesis, to restore the resting state, or to increase the internal negativity 
beyond its resting value. The regenerative feature of electrically excitable 
activity is usually regarded as a property of depolarizing electrogenesis, but it 
may also be manifested by processes that exert repolarizing or hyperpolarizing 
electrogenic influence. 

The most conspicuous and commonly recognized electrogenic activities are 
increases in membrane conductance which are initiated by depolarizing stimuli 
(that is, those that decrease the resting potential) and themselves cause net 
additional depolarization. These activities lead to production of graded re- 
sponses or of all-or-none spikes. However, depolarizing stimuli may also 
produce increased membrane conductance, which is associated with only minor 
or with no electrogenic manifestations. Increased membrane conductance 
likewise with relatively minor electrogenesis, can also be produced by, or as an 


Grundfest: Ionic Mechanisms in Electrogenesis 409 


aftermath of, electrical stimuli that hyperpolarize the membrane. Further- 
more, both depolarizing and hyperpolarizing stimuli can lead to decreases in 
membrane conductance. ‘These various electrically excitable membrane proc- 
esses may involve one or more ion species. They may occur in different pro- 
portions in different cells and the proportions may vary even in different parts 
of the same cell. 

The occurrence of two parallel systems of electrogenic membranes, in which 


_ the ion valving processes appear in basically similar combinations (TABLE 1) 


but are differently excitable, has numerous theoretical implications and conse- 
quences (Grundfest, 19576, 1957c, 1958a, 1958, 1959a, 1959b, 1961a, 19616). 
It seems likely that temporary distortions of the molecular arrangements of 
the membrane, by key chemical agents or by other specific stimuli in one type 
of membrane, or by the potential across the membrane itself in the other, lead 
to “opening” of passages for specific ions (Mullins, 1960, and in these pages). 

Electrically inexcitable membranes. Among synaptic, electrically inexcitable 
membranes it is easy to recognize the several varieties of electrogenic activity, 
largely because the potentials are graded and nonpropagating (Grundfest, 
19576, 1959a). One and the same neuron (Eccles, 1957) or muscle fiber (Boistel 
and Fatt, 1958; Fatt and Katz, 1953a; Grundfest et al., 1959) may develop de- 
polarizing excitatory and hyperpolarizing inhibitory postsynaptic potentials 
(e.p.s.p.s and i.p.s.p.s respectively). Sensory neurons develop generator poten- 
tials which are electrically inexcitable, as well as spikes (Grundfest, 19610). 
Some also develop p.s.p.s. 

Evidence for electrical inexcitability of a given membrane component may be 


_ direct; that is, that the electrogenesis cannot be initiated by an electrical stimulus, 


or indirect, on the basis of a constellation of properties that distinguish electri- 
cally inexcitable activity from the electrically excitable (Grundfest, 19576, 1959a; 
Grundfest and Bennett, 1961). The direct evidence is most readily obtained 
in particularly favorable tissues, such as those cells in which the electrically in- 
excitable and excitable membranes occupy distinctly different regions (such as 
eccentric cell of Limulus; cardiac ganglion neurons of lobster; Pacinian corpus- 
cles; olfactory receptors) or in which an electrically excitable membrane of the 
spike generating variety is absent (for example, electroplaques of marine elec- 
tric fish; frog slow muscle fibers). However, direct data can also be obtained 
even when the two types of membranes are intermingled, but the responses have 
distinctive characteristics (for example, electroplaques; insect and crustacean 
muscle fibers). Special devices can also provide direct evidence,* as in the frog 


muscle endplate (Werman, 1960). 


The most explicit criticism of the hypothesis that there are two fundamentally 


*Tt is instructive to note that preoccupation with electrically excitable phenomena may 
tend to restrict conceptual and experimental approaches. Thus several authors have stated 
that it would be difficult to apply “rigorous” tests for the electrical inexcitability of synaptic 
membranes such as that of the muscle endplate, because electrical stimuli cannot be confined 
to areas as small as those of the synaptic contacts (Pringle, 1960; Spyropoulos and T asaki, 
1960). This is, indeed, a correct statement in so far as tests by electrical stimulation are 
concerned, but there are other ways of carrying out the tests. Thus recording with external 
microelectrodes can be confined to small foci (del Castillo and Katz, 1956), and the absence of 
inward current is then an index of electrical inexcitability (Freygang, 1958). These findings 
were the basis of the direct tests in the muscle endplate (Werman, 1960). 
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different types of excitable electrogenic membranes is that of Eccles (1960). Its 
core is the following statement: “. . . there is evidence that some cells activated 
by chemical transmitters are devoid of the sodium permeability mechanism that 
is responsible for the spike, as for example the tonic fibres of amphibian muscle 
and the electric organs of Torpedo and Raia. However, it may be questioned 
if it is justifiable to argue by analogy that other chemical receptive membranes 
are also electrically inexcitable, particularly when some cardiac and crustacean 
muscle fibres combine a diffuse transmitter sensitivity with electrical excitabil- 
ity. Furthermore, denervated mammalian muscle fibres develop along their 
whole length a sensitivity to acetylcholine equivalent to that at a normal end- 
plate, and yet retain their electrical excitability.” 

There are two types of argument by analogy. Simple analogy derives from 
the basic assumption of general physiology, that functionally homologous parts 
of various cells tend to have the same properties. Electrophysiology has con- 
tributed much of the classical data validating that assumption, as well as exam- 
ples of its limitations. Categorical resort to simple analogy occurs at three 
points of the above-cited statement. However, it is only partially correct and 
requires modification: (1) A sodium permeability mechanism is probably re- 
sponsible for electrically excitable spikes and graded responses, and for electri- 
cally inexcitable e.p.s.p.s of all animal cells, but some investigators (Koketsu, 
1961; Spyropoulos and Tasaki, 1960) question the role of Na* in spike electro- 
genesis. In at least one plant cell the spike may involve only a chloride perme- 
ability mechanism (Gaffey and Mullins, 1958). (2) The three examples of 
“cells activated by chemical transmitters” do, indeed, provide direct evidence 
of neurally evoked responses which cannot be produced by electrical stimuli 
(Grundfest, 1959a; Grundfest and Bennett, 1961). However, no direct evi- 
dence is now available that these responses are chemically mediated. (3) The 
direct evidence for chemical transmission, if any exists, is slim indeed, applying 
perhaps to cardiac muscle (Loewi, 1945; Grundfest and Bennett, 1961). How- 
ever, nothing is known about the possible transmitters for the excitatory and 
inhibitory synapses of crustacean muscle fibers. Thus, they cannot be classed 
among “other chemical receptive membranes” that ‘‘combine a diffuse trans- 
mitter sensitivity with electrical excitability” unless the evidence that their 
nee membranes are electrically inexcitable (Grundfest et al., 1959) is ac- 
cepted. 

Of the 3 examples given by Eccles as cells which “‘are devoid of the sodium 
permeability mechanism that is responsible for the spike” only the Torpedine 
electroplaques are normally electrically inexcitable (Bennett and Grundfest, 
19616; Bennett e¢ al., 1961). The others, although also “devoid of the sodium 
permeability mechanism” are, nevertheless, normally electrically excitable. 
Both frog slow muscle fibers (Burke and Ginsborg, 1956; Kuffler and Vaughan- 
Williams, 1953) and Rajid electroplaques (Bennett, 1961; Bennett and Grund- 
fest, 1961d; and Cohen ef al., 1961) respond to depolarizing stimuli with 
increased membrane conductance. The reaction of the electrically excitable 
component of the muscle fibers is a K-activation (Belton and Grundfest, un- 
published). That of Rajid electroplaques is a Cl-activation which under ap- 
propriate experimental conditions may result in a “spike” (Cohen et al., 1961). 
Both electrically excitable membrane transducer actions may be eliminated by 
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experimental procedures. The cells then remain reactive only to neural or 
chemical stimuli, thus becoming truly electrically inexcitable electrogenic cells. 

The second type of analogical argument is based on the analysis of dynamic 
properties (or transient responses (Pringle, 1960)) of the system under investi- 
gation. Of particular interest and challenge is the case where two components 
with different properties coexist and interact. It may then be difficult to de- 
vise direct tests of the hypothesis. However, dynamic analysis of the proper- 
_ ties of each component and of their interactions can provide a wealth of indirect 
evidence, by demonstrating the degree of congruence of the system with the 
hypothesis or model. This is the case in electroplaques of eel or Gymnotus 
carapo, or muscle fibers and neurons, in which the two types of excitable mem- 
branes are intermingled (Grundfest, 19570, 1959a). Indeed, Eccles’ final exam- 
ple provides a remarkably good affirmation of the validity of the hypothesis. 
The chemosensitized membrane of denervated muscle fibers develops the elec- 
trophysiological characteristics of electrically inexcitable membrane (FIGURE 5) 
which is intermingled with the electrically excitable membrane. The proper- 
ties that differentiate electrically excitable spike-generating and electrically in- 
excitable synaptic membranes are listed in TABLE 2. 

The ionic events in production of e.p.s.p.s are still unclear. Originally it had 
been assumed (Fatt and Katz, 1951) that the active membrane becomes perme- 
able to all ions, as Bernstein had postulated (1912). It now seems likely that 
the frog fast (Takeuchi and Takeuchi, 1960) and slow (Belton and Grundfest, 
unpublished) muscle fibers, and Raia electroplaques (Cohen ef al., 1961), gen- 
erate e.p.s.p.s by increased permeability for Nat and Kt only. Three distinct 
varieties of activity respectively involving conductance changes for K* and/or 
Cl can all produce the hyperpolarizing or repolarizing electrogenesis of 1.p.s.p.s. 

Degrees of differences in the chemical responsiveness of membrane of the same 
electrogenic species in different cells are common. Differences within the same 
cell are particularly striking in the case of taste buds (FIGURE 1), which are re- 
ceptor cells without axons (Grundfest, 19610) and are probably electrically inex- 
citable. Each of the 12 cells included in F1GURE 1 responded with depolariza- 
tion to at least 2 of 4 different chemical agents causing the sensations of salt, 
sweet, bitter and acidin man. Most of the cells responded to 3 of the 4 and one 
to all 4. The patterns of the degree of responsiveness were different in all the 
cells. It may be reasonably assumed that each of the chemical agents—salt, 
sugar, quinine, and acid—probably acted upon more or less specific molecular 
components of the membrane structure. Thus it seems likely that each of the 
12 cells had a different combination of these different depolarizing components. 

There is no evidence available at present that the repolarizing conductance 
components of e.p.s.p.s can be modified differently from the depolarizing Na- 
conductance component. However, this may signify only that current methods 
for study and analysis of the mechanisms of action of the electrically inexcitable 
membranes are still too crude (Grundfest, 1961c). The conductance compon- 
ents of hyperpolarizing synapses that involve only one or two polarizing ion 
species certainly can be modified by pharmacological agents which do not affect 
the depolarizing synapses (Grundfest, 1957c, 19580). 

Electrically excitable membranes. The electrically inexcitable nature of the 
electrogenesis of synaptic or receptor membranes emphasizes the chemical sensi- 
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tivity of these membranes and of their components. The electrically excitable 
membranes also have chemical sensitivities, although they are not as readily 
recognized (Grundfest, 1957a; Shanes, 1958). These actions are particularly 
striking in some tissues, notably in the change of normally gradedly responding 
muscle fibers to produce all-or-none responses (FIGURE 2). These actions may 
appear related to or independent of the effects of the same pharmacological 
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TABLE 2* 
CHARACTERISTICS AND PROPERTIES OF DIFFERENTLY EXCITABLE ELECTROGENIC MEMBRANE 


Spike (electrically excitable) P.S.P.s (electrically inexcitable) 


A. Characteristics 


Transducer action: 
(1) Sequential increase of Nat and K* con- 


Two types: 
ductances and Nat inactivation 


(a) Increased conductances for all ions 
(b) Specific increase in K* and/or Cl- 


conductances 
(2) Rates determined by membrane po- | Rates not determined by membrane po- 
tential tential 
Electrical response: 
(1) Begins with graded depolarization, de- | Two types: 


velops overshoot 


(a) Depolarizing 


(b) Hyperpolarizing 
(2) All-or-none response Graded response 


B. Direct Evidence for Characteristic Differences 


(1) Spike absent \ 


Developed only by neural or chemical 
(2) Spike present i 


stimuli 


C. Consequences of Characteristic Differences 


(1) Always in depolarizing direction 

(2) Hindered or blocked by hyperpolariza- 
tion 

(3) Excited, then blocked by depolarization 

(4) Pulsatile, relatively fixed duration, in- 
dependent of stimulus 

(5). Vanishingly brief latency 

(6) Relatively inert to chemicals 


Of either sign, electrochemically reversible 
Electrochemical gradation 


Electrochemical gradation 

erin be prolonged, sustained while stimulus 
asts 

Appreciable, irreducible latency 

Sensitive in two ways: response may be 
(a) Evoked by synapse activators; 
(b) Depressed or blocked by inactivators 


(7) Decrementless propagation Nonpropagated, ‘standing’ potential 


*From Grundfest, 1959a. 
Society. 


Reproduced by permission of the American Physiological 
agents on synaptic membrane in the same cell. Related actions are exemplified 
by p-tubocurarine and prostigmine, which block or inactivate excitatory synap- 
tic membrane of eel electroplaques (Altamirano ef al., 19550). Their effect on 
the electrically excitable membrane of the electroplaques is to alter its all-or- 
none response to graded activity (FIGURE 3). It may be similarly regarded as 
due to some type of “inactivation” (Grundfest, 1957d, 1959a), but the details 
require further analysis. 


Interactions of the differently excitable components. Examples of different ac- 
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tions of a drug on the two components are shown in FIGURE 4. Serotonin aug- 
ments somewhat the excitatory p.s.p.s of lobster muscle fibers, though not their 
inhibitory p.s.p.s. It also can convert the normally graded responsiveness to 
electrogenesis of spikes. In contrast to these last actions, substitution of Cst 


Ficure 1. Electrical activity in taste buds produced by four standardized stimuli: (1) 
~ salt, (2) sweet, (3) bitter, and (4) acid. (Below) Records of potentials evoked by the four 
substances acting on a single taste bud. (Above) Different patterns of responses in different 
cells. Unpublished data of Beidler and Kimura, courtesy of Lloyd M. Beidler. 


for K* increases enormously both the excitatory and inhibitory p.s.p.s of lobster 
muscle fibers, but the normal graded responsiveness of the electrically excitable 
membrane is retained. 

Evolutionary relations among membranes. The different electrogenic mem- 
branes probably derive from some common precursor (Grundfest, 1959a, 1960a, 
and 1961a). The variously related chemical affinities of synaptic membranes 
(Grundfest, 19586) and of these with electrically excitable membranes probably 
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derive from that evolutionary relation (Grundfest, 1959). There is also a 
labile functional interrelation as is evidenced by the pharmacological and elec- 
trophysiological changes that occur during maturation of muscle (Diamond and 
Miledi, 1959; Purpura e¢ al., 1960a) and neurons (Purpura e¢ al., 1960) or on 
their denervation and reinnervation (Axelsson and Thesleff, 1959; Miledi, 1960, 
19606; Purpura, this monograph). The change in denervated muscle fibers is 
particularly instructive (FIGURE 5), since the membrane that has become cho- 
linoceptive in the muscle fiber also appears to be electrically inexcitable (Grund- 
fest, 1961a), thus taking on this characteristic of the endplate membrane as well 
as its chemical sensitivity.* 
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Ficure 2. Conversion of graded electrically excitable activity to all-or-none responsive- 
ness in muscle fiber of the grasshopper Romalea microptera. A,, Az: weak and supramaxi- 
mal intracellularly applied depolarizing stimuli (current monitored on upper trace of each 
record). The maximal response was a small, oscillatory graded response. A; : the large 
excitatory postsynaptic potential (e.p.s.p.) evoked in the muscle fiber by stimulating the 
“fast’’ axon caused a maximal response of the electrically excitable membrane, the combined 
potentials having the appearance of a spike. B, : the neurally evoked response after treat- 
ing the preparation with BaClz was a slightly increased e.p.s.p. and an all-or-none spike. 
The latter was now also produced (Bz) by a weak intracellularly applied current. Note 
the slow change of the membrane potential, which reflects the increase in membrane resist- 
ance after applying Batt. From Werman ef al. (1961). Reproduced by permission of 
the Jour. of Gen. Physiology. 


Electrogenic components. Thus, the electrogenic components of both electri- 
cally inexcitable and electrically excitable membranes may have distinctive 
chemical and pharmacological properties. The effects of these properties may 
be differently manifested in the two categories of membrane and may thus give 
rise to overall effects that are not entirely obvious from the effects on individual 


* The newly differentiated cholinoceptive membrane responds not only to various cholino- 
mimetic drugs; like that of cholinergic synapses it is also inactivated by p-tubocurarine (Axels- 
son and Thesleff, 1959). “Its responses are not affected, however, by applying anticholinester- 
ase drugs, while the activity of the denervated endplate membrane continues to be affected 
by them. This difference appears to be linked to the presence or absence of esterase activity. 
In denervated muscle fibers esterase activity remains confined to its original sites at the 
endplate region (Couteaux, 1955). Therefore the chemosensitivity of the electrically inex- 


citable membrane to acetylcholine may be unrelated to the presence or absence of cholines- 
terase. 
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components. One further example (FIGURE 6) illustrates specifically the main 
thesis of this paper,* that the electrically excitable membrane possesses a num- 
ber of relatively independent action components whose different properties need 
to be taken into account. Their participation to different degrees in a given 
activity results in the specific characteristics of electrogenic responses in differ- 
ent cells, or in the same cell at different sites, or under different conditions 
(Grundfest, 1957a, 1961c). 


Components of Electrically Excitable Activity 


The different varieties of transducer actions and their electrogenic effects. The 
voltage clamp data of FIGURE 6 describe only two of the action components of 
electrically excitable membranes. One component, that of initial inward flux 
of current which, according to the ionic theory (Hodgkin and Huxley, 1952), 
is associated with increased membrane conductance for Nat (Na-activation) 
was selectively diminished by poisoning the neuron with urethane. This effect 
was paralleled by a change of the electrical response from a spike to a small 
graded response. While the later component, associated with increased out- 
ward flux of Kt (K-activation) was not affected by urethane, exposure of the 
neuron to tetraethylammonium ion (TEA) diminished the potassium outflux 
much more than it affected the sodium influx. The change in the electrical 
response associated with this effect was to prolong the spike, as had been pre- 
dicted on theoretical grounds (Grundfest, 1957a, 19606; Hodgkin, 1957; Shanes, 
1958). Consideration of only 3 action components (Na- and K-activation, 
and Na*-inactivation) was adequate to account, witha high degree of accuracy, 
for many phenomena manifested by squid axons (Hodgkin and Huxley, 1952) 
and other cells (Shanes, 1958). 

As more types of electrically excitable cells have come to be studied, other 
components of electrogenic activity of or membrane reactions to depolarizing 
and hyperpolarizing currents have come to light. Activation of K-conductance 
or even of a Cl-conductance in the absence of an electrically excited Na-activa- 
tion has been observed in the “delayed rectification” of frog slow muscle fibers 
(Kuffler and Vaughan-Williams, 1953; Burke and Ginsborg, 1956; Belton and 
Grundfest, unpublished) and Raia electroplaques (Grundfest and Bennett, 
1961; Cohen e¢ al., 1961; Bennett, elsewhere in these pages). These cells pro- 
duce electrically inexcitable neurally evoked depolarizing p.s.p.s, but are also 
“electrically excitable” in the sense that they undergo a considerable increase in 
conductance (or delayed rectification) in response to depolarizing electrical 
stimuli, but this develops little electrogenic activity (FIGURE 7). However, an 
electrically excitable plant cell, Chara, produces a spike as a result of Cl-activa- 
tion (Gaffey and Mullins, 1958). 

An additional factor that is probably of rather widespread occurrence is that 
of K-inactivation produced by depolarizing stimuli (Grundfest, 1957a, 1957d). 
The stimulus for depolarizing K-inactivation may even be the depolarization 
produced by the spike itself. More recently hyperpolarizing responses have 


* A parallel account of current data on electrically inexcitable membranes will appear else- 
where (Grundfest, 1961c). 
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Ficure 3. Conversion of all-or-none responsiveness to graded activity in eel electro- 
plaque. Two traces are recorded stimultaneously, repeated at the rate 
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upper, longer trace of each set is the zero base line for an internal microelectrode. 


carries the monitoring signal of a stimulus applied to the cell and shows that the st 
strength remained constant in each of the two series. The lower trace of each set is 
the potential recorded with the microelectrode. The distance betwe 
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disclosed a K-inactivation due to hyperpolarizing currents, as well as increased 
conductances produced by such currents. The various complications caused 
by the interplay of these additional factors will form the major part of the re- 
mainder of this paper. 


AWOG: 


ee 50msec. 
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_ Ficure 4. Manifestations of different types of responses produced by different combina- 
tions of electrically inexcitable and electrically excitable activities. (Left) Lobster neuro- 
muscular preparation treated with serotonin and picrotoxin. The amplitude of the individ- 
ual e.p.s.p.s in response to stimulating the exciter axon increased somewhat over the e.p.s.p.s 


_ in untreated preparations, and the e.p.s.p.s were greatly prolonged. Two e.p.s.p.s sum- 


mating to about 20 mv depolarization developed a small graded response out of which de- 
veloped the all-or-none spikes seen in the superimposed records below. (Right) Another 
lobster neuromuscular preparation soaked for 10 hours in a Ringer’s solution in which 7.5 
mmole K was substituted for by Cst. The amplitude of the e.p.s.p.s of this preparation 
ranged from about 30 to 45 mv. Superimposed traces show the facilitation produced by 
repetitive stimulation. Facilitated e.p.s.p.s about 50 mv in amplitude evoked only graded 
responses of the electrically excitable membrane. From Grundfest and Reuben, 1961. 
Reproduced by permission of Pergamon Press. 


A generalized schema of the electrogenic components in terms of their ionic 
transducer actions which applies to both electrically excitable and electrically 
inexcitable membranes is shown in FIGURE 8. Depolarizing electrogenic ac- 
tivity, manifested by excitatory p.s.p.s, spikes, and graded responses, involves 


FIGURE 3—continued. 


tepetition of the stimulus was followed by a spike. The shorter latency at which successive 
spikes then developed indicates continued growth of excitability and its persistence through 
the 200-msec. intervals between stimuli. The resting potential remained unchanged. B 
and B’: the sequence of growth in response in the cell after 84-min. exposure to 500 yg. per 
ml. of physostigmine. The resting potential was not affected by the drug, which eliminated 
synaptic excitability and converted the all-or-none response of the electrically excitable 
membrane component to graded responsiveness. The testing stimulus was slightly stronger 
than before applying the drug, and the first trace seen (upper set of B) evoked a distinct al- 
though small, graded response. During the course of repetitive stimulation at 5 per sec. 
the response grew, at first gradually and then more rapidly, indicating that the rise of ex- 
citability is nonlinear. The series illustrated ended before the response could grow to an am- 
plitude as large as that of the spike, but in other experiments this was observed. (From 
Altamirano et al., 19556). Reproduced by permission of Biochimica et Biephysica Acta. 
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Ficure 5. Electrophysiological characteristics of acetylcholine-sensitized membrane in 
denervated muscle fiber of rat. (Left) Reversal of potential on changing membrane polariza- 
tion. Depolarizing response to a jet of acetylcholine (application signaled on lowest trace) 
was diminished in amplitude when the membrane was depolarized and at about —10 mv 
depolarization it seemed to disappear. It reappeared in reversed sign when the membrane 
was polarized inside-positive. (Right) Persistence of activity of chemically excitable mem- 
brane component in fully depolarized muscle fiber. The preparation was soaked in isotonic 
K2SO,, which depolarized and inactivated the electrically excitable membrane component. 
A brief pulse was applied to the muscle to restore an inside-negativity of about 20 mv. Dur- 
ing the pulse a testing jet of acetylcholine was applied (signaled by a brief deflection on the 
upper trace, which monitored the polarizing current). The chemical stimulus evoked a re- 
sponse showing that the sensitized membrane of the denervated muscle fiber is electrically 
inexcitable. Modified from Axelsson and Thesleff, 1959. 
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FicurE 6. Differential elimination of Na-activation and K-activation in Onchidium 
neurons. Voltage clamp experiments show the initial inward current (circles) and late out- 
ward current (dots) as functions of the membrane potential. Solid lines connect control 
data; broken lines, after treatment with drugs. Insets show the responses to brief stimuli. 
(Left) Control series, blanking of potential trace at 5-msec. intervals; calibration 100 my 
and 5 X ig A. (Center) Neuron in a preparation treated with 2 per cent urethane. Note 
that the inward (Nat) current was markedly diminished, while the outward (K+) current 
was unaffected. The spike of the cell was changed to a small graded potential. Blanking 
intervals, 2 msec. (Right) From an experiment in which the preparation had been exposed 
to tetraethylammonium ions (TEA). The K+-current was diminished much more than was 
the Nat-current, and the response of the cell became prolonged. Blanking signals at 5-msec. 
intervals. (Below, left) Development of the prolonged response on applying TEA during 
a mixing interval indicated by bar line, lower left. Multiple sweeps at Peer. each register- 
ing a response evoked by a direct stimulus. Calibration for each sweep 100 mv and 5-msec. 
intervals. (Right) Sample records of responses to prolonged applied currents. Calibrations 


100 mv and 100 msec. Lower traces show the stimulati i i 
etkend Sue, oer w the stimulating currents. Modified from Hagi- 
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activity in membranes that have the transducer capacities to permit influx of 
N at, This conductance change for a depolarizing ion is countered by repolariz- 
Ing actions due to increased conductance for K+ and/or Cl-. The relative 
proportions and kinetics of each component presumably determine various 
characteristic properties of the electrical responses and of their pharmacological 
reactions. 
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Ficure 7. Voltage-current relation in single electroplaque of Raia ocellata. Hyperpolar- 
izing currents (B) produced proportional changes in membrane potential as seen in graph 
above. Depolarizing currents (A) at first caused large changes in membrane potential, al- 
though not proportional to the higher values of currents (crosses in graph). During the 
applied current the membrane potential declined to a low value (dots in_graph}. Note that 
onset of the decline was more rapid with stronger currents. From Grundfest and Bennett, 
1961. Reproduced by permission of the Elsevier Publishing Company. 
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Ficure 8. Diagrammatic summary of the components of activity of electrogenic mem- 
branes. (Upper part) The different varieties of electrogenesis and their probable ionic mech- 
anisms. ‘The resting potential is represented as lying between Ex and Ec the electrode po- 
tentials for K and Cl respectively. The electrode potential for Na (Ena) is about 50 my 
positive to the reference zero. The membrane reaction (transducer action) to an appro- 
priate stimulus can change its permeability to one or to several ionic species. In electrically 
excitable as well as electrically inexcitable membrane, increase in permeability toward K or 
Cl, or both ions, leads to a small electrical effect, its sign depending on the relation of the 
resting potential to the electrode potential(s) of the relevant ion(s). The graded nature of 
the electrogenic processes is indicated by the multiple arrowheads. The excitatory synaptic 
membrane also produces a graded response, but depolarizing by virtue of a component for 
increased Na-conductance. The e.p.s.p. conceivably may overshoot the reference zero. De- 
polarizing graded responses can also be produced by electrically excitable membrane and, if 
Px and/or Pc; outlast Pna and stand in appropriate electrochemical relation to the resting 
potential, the activity may also develop an “undershoot.”’? Membrane capable of all-or-none 
responses may also develop an undershoot after the depolarizing conductance component 
has subsided. (Lower part) Current-voltage relations of the membranes disclose further 
features. (Left) The electrically inexcitable membrane has a linear I-E curve (solid line). 
When the membrane is excited by an appropriate stimulus the slope decreases, reflecting the 
increased conductance described above. The e.p.s.p. displaces the I-E curve (broken line) 
in a positive direction. The i.p.s.p. is shown as hyperpolarizing. The values at which each 
active line crosses the resting is the reversal point of the p.s.p.; on depolarization for the 
SPDs and on hyperpolarization of the hyperpolarizing i.p.s.p. (Right) The I-E relations 
of electrically excitable membrane show various nonlinearities. Changes causing increased 
conductance to depolarizing and hyperpolarizing currents are termed rectification and “anom- 
alous’’ rectification respectively. Membrane reactions that result in increased resistance 
are termed depolarizing and hyperpolarizing inactivation. See ricuRE 10 for a complex 
curve showing a number of the components. FicurE 9 shows another effect, pharmacological 
K-inactivation denoted by increase in resting resistance, while the associated loss of K-elec- 
trode property is seen in FIGURE 11. 
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The voltage-current relations of excitable membranes reveal further details 
of the action components. The I-E relation is ohmic, and rectification or non- 
linearities of other types are absent, in electrically inexcitable membranes, such 
as those of electroplaques of marine electric fishes (Bennett et al., 1961; Bennett 
and Grundfest, 19616, 1961c; Grundfest and Bennett, 1961). In electrically ex- 
citable membranes rectification may be manifested by decreased conductance 
as well as by its increase, and both may be caused by hyperpolarizing as well as 


_by depolarizing currents. ‘These effects will be discussed in some detail below. 


Pharmacological differences of homologous components in different tissues. 
Some other distinctive properties are also recognizable by the different be- 
haviors of various cells which are treated with the same agent. Block of K-ac- 
tivation in Onchidium neurons by TEA (FIGURE 6) does not affect the resting 
resistance of the cell (Hagiwara and Saito, 1959). Furthermore, the resistance 
during the plateau of the prolonged spike is about like that of the resting mem- 
brane, or somewhat lowered, in contrast to the increased membrane resistance 
during the plateau of spikes in cardiac muscle (Weidmann, 1956), or to the 
markedly decreased resistance during prolonged spikes in insect (Werman e/ al., 
1961) and lobster muscles (Werman and Grundfest, 1961; Reuben ef al., 1960a). 
The effect of TEA on Onchidium neurons is thus similar to its action on squid 
giant axons (Tasaki and Hagiwara, 1957; Tasaki, 1959a). However, while in 
the neurons the drug is effective when externally applied, it must be injected 
into squid axons in order to prolong their spikes. 

In contrast to its action on Onchidium neurons and squid giant axons, TEA 
increases the resting membrane resistance in arthropod muscle fibers (Belton 
and Grundfest, 1961; Werman and Grundfest, 1961) due to pharmacological 


K-inactivation. This action, which is associated with conversion of the nor- 


mally gradedly responsive electrically excitable membrane to one producing 
spikes, is also shared (FIGURE 9) by the alkali earth ions (Grundfest et al., 1959; 
Fatt and Ginsborg, 1958; Fatt and Katz, 19536; Werman ef al., 1961; Wer- 
man and Grundfest, 1961). However, conversion of graded responsiveness to 
all-or-none excitability can be independent of the effect on the resting mem- 
brane resistance, as demonstrated (FIGURE 10) by the action of procaine on 


crustacean muscle fibers (Reuben and Grundfest, 1960; Girardier, Reuben, and 


_ Grundfest, unpublished). 


Although crayfish-muscle fibers have many properties in common with the 
muscle fibers of lobster (FIGURE 10), in other respects, however, they differ 
profoundly. One manifestation is provided by the different reactions of the 
muscle fibers to high Ca++. In lobster preparations this ion has the same ac- 
tion as does Batt or Sr*+, on both kinds of muscle fibers (Fatt and Ginsborg, 
1958; Werman and Grundfest, 1961) increasing their resting membrane resist- 
ance. In crayfish, however, the application of Catt to the muscle fiber 
decreases their resistance to hyperpolarizing currents and increases the resist- 


ance to depolarizing currents (Girardier ef al., unpublished). Another differ- 


ee 
. 


ence, already noted, is the absence of a hyperpolarizing response in crayfish 
muscle fibers, whereas this is a common feature in lobster muscle fibers (cf. 
below). 

K-electrode property. When the resting membrane acts as a K-electrode the 
resting potential is diminished by about 58 mv for a 10-fold increase of external 
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K+ according to the Nernst relation E = 58 mv log K+;/K+). Lobster muscle 
fibers normally exhibit an average slope of 54 mv/decade (K+), but when 
treated with alkali-earth or onium ions (FIGURE 11) their sensitivity to external 
K+ diminishes markedly (Werman and Grundfest, 1961) as a manifestation of 
pharmacological K-inactivation. TEA likewise “protects” toad nerve fibers 
(Tasaki, 1959a) as well as frog axons (Liittgau, 1960) against depolarization by 


100 


Kohm ¢& 
SOPs 
Q-—------0-------0 
50 fd 100 
%*—-« Resting Potential 50 
25 e——e Response 
oO—=—-0 Resistance 
10 0) 
O 100 200 300 400 mEq./ |, 


[Ba**] 

FicurE 9. Changes in various membrane properties caused by applying Ba** to muscle 
fibers of lobster. The resting potential increased as did the membrane resistance and re- 
sponse amplitude. The response became all-or-none in the presence of 100 mEq./l. Ba*+, 
and developed an overshoot with the application of higher concentrations of Batt. From 
Werman and Grundfest, 1961. Reproduced by permission of the Jour. of Gen. Physiology. 


high external K+ (f1GURE 11). The role of alkali-earth ions is also emphasized 
in the effects of external Ca** on the K*-sensitivity of eel electroplaques (FIG- 
URE 12). When the uninnervated surface of the electroplaque is exposed to 
high K+ the resting potential changes by 35 mv/decade (K+) which indicates 
that this membrane is an effective K-electrode, since the opposite surface re- 
mains at its normal electrochemical condition. The electrode property is ex- 
hibited even in the presence of 12 mmole/]. Ca++, twice the normal concentra- 
tion. The innervated surface, however, fails to respond to a 100-fold change 
in external Kt, when the bathing solution contains the normal concentration of 


Resting Resista 
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Ca**. When the Ca*+ is decreased to 1 mmole/]. the innervated membrane 
then also becomes an effective K-electrode. Thus different surfaces of a single 
cell may have different sensitivities for pharmacological K-inactivation. 

The nodal membrane of frog nerve fibers appears to vary in its K-electrode 
properties (Stémpfli, 1959). In fibers considered to be in the best condition 
the resting membrane resistance is high. The fiber depolarizes only slowly 
when the external K+ is increased markedly (r1cuRE 13), and application of a 
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Ficure 10. Conversion of graded to all-or-none responsiveness without alteration of 
membrane resistance or resting potential. Crayfish muscle fiber. (Inset) Superimposed 
records of intracellularly applied depolarizing currents (two traces; downward deflections) and 
of the resulting responses (traces with upward deflection). Before applying procaine, the 
larger current evoked a small late potential that was the maximal graded response of the 
fiber. After applying procaine, the weak stimulus evoked a spike that had a characteristic 
long time course and plateau. Calibration 50 my and 100 msec. The graph shows that the 
complex I-E relation of the same muscle fiber was not affected by procaine (Girardier, 


Reuben, and Grundfest, unpublished). 


small inward current to a depolarized axon reverses the depolarization. Thus 
the presence or absence of K-electrode capacity in the excitable membrane is 
time dependent as well as a function of the membrane potential. 

Crayfish muscle fibers also exhibit a curious relation of membrane potential 
to external K+ (Girardier et al., 1961). The initial phase of insensitivity to K*, 
also seen in many other tissues whether the concentration of the ion is increased 
externally (Hodgkin, 1951) or internally (Grundfest e¢ al., 1954) is followed in 
crayfish muscle fibers by a phase in which the slope is about 100 mv/decade 
K+ (ficure 14). The data indicate therefore that the membrane acts as an 
- electrode for at least two ions. It seems likely from a number of findings that 
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cannot be discussed here that the high resistance membrane of crayfish muscle 
fibers is normally a Cl-electrode, shifting to one for Kt on soaking with high 
K+ solutions. The membrane conductance increases concomitantly with the 
depolarization. To some extent therefore, crayfish muscle fibers resemble frog 
axons in their electrical properties (Hodgkin and Horowitz, 1959). 
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Ficure 11. Change in K-electrode properties on applying TEA. (Graph) A lobster 
muscle fiber became less responsive to increased external Kt, the slope changing from 52 mv 
to 35 mv/decade change of Ko (modified from Werman and Grundfest, 1961, and Tasaki, 
1959a). Reproduced by permission of the Journal of General Physiology. (Records below) A 
toad axon depolarized by 35 mEq./]. Kt was repolarized on changing the solution to one also 
containing 20 mEq./l. TEA. From Tasaki, 1959a. 


Delayed rectification. In most types of electrically excitable membranes there 
is, of course, an initial increase in conductance caused by Na-activation, which 
is followed by a more slowly rising, more persistent high-conductance phase due 
to K-activation (Hodgkin and Huxley, 1952). This effect is believed to be 
responsible for “delayed rectification” (Cole, 1941), the persistent increased 
conductance during applied depolarizing currents. 
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As already noted, depolarizing conductance increases also occur in “elec- 
trically inexcitable” cells that do not have a Na-conductance component, and 
the response may be due not only to K-activation but to Cl--activation as well. 
K-activation appears to be operative in frog slow muscle fibers (Belton and 
Grundfest, unpublished). The conductance increase, which may be generated 
by an e.p.s.p. or by applied currents, outlasts the stimulus by as much as 500 

msec. (FIGURE 15), and this phase is associated with hyperpolarization. The 
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Ficure 12. Different electrode properties of innervated and uninnervated membranes of 
eel electroplaque. In the presence of normal concentration of Cat+ (6 mmole/l.) the poten- 
tial of the innervated surface did not change when Kty was changed 100-fold, but the mem- 
brane became a K-electrode on decreasing the Ca** to 1 mmole/]. The uninnervated mem- 
brane was a K-electrode even in 12 mmole/]. Cat*. Modified from Schoffeniels, 1959. 


potential becomes larger when the preparation is bathed in K-free Ringer’s 
solution, and may be eliminated in a high K* medium. It is not affected by 
removing the external Cl-. 

In Raia electroplaques, however, the conductance increase (FIGURE 7) is as- 
sociated with a slight afterdepolarization, which is unaffected by changing the 
external K-concentration. The depolarization increases in a Cl-free medium 
and, to such an extent indeed, that the conductance increase may become re- 
generative, giving rise to a small all-or-none “spike” (Bennett, elsewhere in 
these pages). It therefore seems likely that the conductance increase in Raia 
electroplaques is due to Cl-activation (Cohen ef al., 1961). 

The rectifying phenomena of the muscle fibers and Raia electroplaques are 
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the electrically excitable counterparts of the electrically inexcitable responses 
of inhibitory synapses, both being characterized by the absence of a conductance 
change for a depolarizing ion (FIGURE 8). The occurrence of K- or Cl-activa- 
tion independently of Na-activation indicates that in the electrically excitable 
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Ficure 13. K-electrode property of frog axon. (Jmset) Depolarization was rapid on 
applying 40 mmole/I. K (record 1), but developed slowly and then rapidly (regeneratively) 
when the axon was hyperpolarized (record 2). (Graph) The dots and heavy solid line shows 
the membrane potentials during the first minute or so after applying solutions high in Kt. 
In the range of 20 to 40 iniel K* the potential decreased gradually to the “low” equilib- 
rium but could be reversed to the “high”? state by hyperpolarizing currents. The circles 
and broken line show the potential some minutes after the membrane had been exposed to 


the changed external K+. The thin line has a slope of 58 mv/decade change in K+). Modi- 
fied from Stémpfli, 1959. 


membranes, as well as in those electrically inexcitable, the processes involving 
different ion conductance systems may have come to assort randomly in the 
process of evolution. 

A pharmacological distinction has been observed between the repolarizing 
transducer actions of synaptic and electrically excitable membranes. Delayed 
rectification is eliminated in frog slow muscle fibers (Belton and Grundfest, 
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FicurE 14. Changing electrode properties of crayfish muscle fiber. Continuous line 
describes the membrane potential (average of 10 fibers) as the external K+ was increased. 
The concentration of K in the standard crayfish Ringer’s solution was 5.3 mEq./l. The 
membrane was insensitive to a 4-fold increase in external K*, then depolarized rapidly (slope 
= 100 mv/decade increase of Kt) and subsequently more slowly (slope = 40 mv/decade 
increase of K+). The broken line with the lower slope also shows the relation which obtains 
when the preparation is first soaked in high K*. The bars represent twice the standard 

_deyiation of the mean (Girardier, Reuben, and Grundfest, unpublished). 
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Ficure 15. Delayed rectification of frog slow muscle fiber. (Left) Preparation in norma 
saline containing 2 mmole/I. K+. (Right) In saline with zero external K+. (Upper records) 
The e.p.s.p. was increased in the K*-free solution because of the increased membrane resist- 
ance of the muscle fiber. It was shortened by the larger amount of undershoot resulting 
from electrogenesis associated with the conductance increase of delayed rectification. (Be- 
low) The hyperpolarizing undershoot following depolarizing pulses was also considerably 


larger in the K*+-free than in the normal] medium. The depolarizing rectification was initi- 
ated at a very low depolarizing voltage, as is denoted by the difference between the potential 
developed on applying the current in either direction. From Belton and Grundfest, unpub- 
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unpublished) and in Raia electroplaques (Cohen e¢ al., 1961) when the cells are 
treated with Ba++. The activity of the synaptic membranes is not affected, 
however, the cells continuing to respond to neural stimuli or to electrophoretic 
applications of acetylcholine. The transducer actions of the e.p.s.p.s in insect 
(Werman et al., 1961) and lobster (Werman and Grundfest, 1961) muscle fibers 
are also unaffected by the alkali earth ions (FIGURE 2), while the electrically 
excitable components are modified considerably, as described below. 

The existence of electrically excitable repolarizing conductance changes with- 
out a depolarizing Na-conductance component is clearly demonstrated in the 
“electrically inexcitable” frog slow muscle fibers and Raza electroplaques. 
However, there seems to be no reason to exclude the possibility that both types 
of electrically excitable membrane might exist side by side, just as do the ex- 
citatory and inhibitory synaptic membranes. This would result in an excess 
of repolarizing conductance change over the depolarizing and might account 
for some types of normally gradedly responsive cells, such as many invertebrate 
muscle fibers. In the absence of a depolarizing electrogenic component the re- 
polarizing electrically excitable membrane can have only a limited role. By 
diminishing depolarizing e.p.s.p.s (Belton and Grundfest, unpublished) it 
might have an inhibitory effect on contraction of various muscle fibers, and 
might be the agent for “supplemental” inhibition described in crustacean muscle 
(Wiersma, 1961). In Raza electric organ, however, the conductance change has 
an “excitatory” effect in that it tends to maximize the external current (Ben- 
nett, elsewhere in these pages). 

Depolarizing K-inactivation. Depolarization may also increase membrane re- 
sistance (FIGURE 8). This is a process of K-inactivation (Grundfest, 1957d) 
that is observed during application of depolarizing currents to eel electroplaques 
(FIGURE 16), even after Na-inactivation by depolarization had blocked spike 
activity (Altamirano and Coates, 1957). The increased membrane resistance 
is time and voltage dependent over only a small range of initial values and may 
develop as a result of the depolarization produced by the spikes itself (Alta- 
mirano, 1955). 

Depolarizing K-inactivation probably also occurs in other cells. Interference 
with K-activation by pharmacological agents as well as depolarizing K-inac- 
tivation should both be manifested by prolongation of the falling phase of the 
spike. However, the two processes may be differentiated by the membrane 
resistance during the spike. In TEA-treated Onchidium neurons (FIGURE 6) 
the membrane resistance during the plateau of the prolonged spikes must have 
been lower than in the resting cell, since K-activation was only partially blocked, 
while Na-activation was affected even less. If TEA also increased the resting 
resistance as it does in arthropod muscle fibers (Werman and Grundfest, 1961), 
the prolonged spikes might conceivably also have a high resistance plateau.* 
Depolarizing K-inactivation, however, does increase the membrane resistance 
beyond its resting value. In eel electroplaques the rise occurs (FIGURE 16) to 


the same extent in cells initially depolarized by high K+ and therefore are . — 


in a low resistance “state,” or hyperpolarized and put into a high resistance 


* The effects of TEA and alkali earth ions in lobster muscle fiber: 


will be described below. SE OS a 
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state by removal of K+. Since the time constant of eel electroplaques is small 
(Grundfest, 1957d), even passive decay of the spike potential is rapid and the 
spike is relatively brief. 

It is theoretically conceivable that different cells may differ in the relative 
kinetics of Na- and K-activation and inactivation, and these differences would 
then give rise to various grades of phenomena affecting the spike duration as 
well as the conductance changes during the spike. However, as with all the 
manifestations of the more complicated behavior of electrically excitable mem- 
brane the study of these possible manifestations is still in a rudimentary stage. 
Differences in kinetics of K-activation and inactivation may perhaps help to 
resolve a conflict of experimental findings in amphibian myelinated axons. 
Impedance measurements (Tasaki and Freygang, 1955) indicated that the 
falling phase of the spike does not have the high conductance that would result 
from K-activation. Voltage clamp experiments (Dodge and Frankenhaeuser, 
1958), however, indicated presence of this factor. Since frog axons may occur 
in “high” and “low” resistance states, the former associated with low K-con- 
ductance (Stampfli, 1959), a delay or absence of K-activation in some prepara- 
tions and its presence in others might be expected. 

Only the rising phase and a part of the falling phase of the spikes of electro- 
plaques of Sternopygus and Eigenmannia are accompanied by increased mem- 
brane conductance (Bennett, elsewhere in this publication). These data indi- 
cate that the transducer actions of their electrically excitable membrane involve 
rapid Na-inactivation, a phase of depolarizing K-inactivation, and a much de- 
layed K-activation. A slightly different kinetic sequence can account for the 
prolonged spikes of cardiac muscle fibers (Grundfest, 1957a). There is prob- 
ably a prolonged phase of heightened Na-conductance, as well as depolarizing 
K-inactivation, and a later K-activation that terminates the potential (F1c- 
URE 17).* 

Another example may be observed from FIGURE 16. Depolarization by ex- 
cess external K+ presumably caused some increased K-conductance, since the 
depolarized electroplaques have a low resistance. The relation of this con- 
ductance increase to the decrease caused by further depolarization remains to 
be studied, but the data suggest some threshold for the depolarizing K-inactiva- 
tion. 

Hyperpolarizing K-inactivation. In some cells a threshold for hyperpolariz- 
ing K-inactivation does exist and gives rise to hyperpolarizing responses. 
These occur only on prior depolarization of squid (Segal, 1958; Moore, 1959; 

-Tasaki, 19592), frog (Mueller, 1958; Staémpfli, 1959; Liittgau, 1960), or toad 


* The shortening of the cardiac spike by acetylcholine (Cranefield and Hoffman, 1958) may 
be a corollary effect (Grundfest, 1957a). Cardiac muscle has many areas that, although 
uninnervated, nevertheless exhibit high esterase activity (Ravin et al., 1953). Presumably 
these regions represent cholinoceptive membrane whose activation would account for the 
high K-flux caused by this substance in cardiac muscle (Hutter, 1961). The chemically ex- 
cited conductance increase probably occurs in an electrically inexcitable membrane component, 
as it does in denervated muscles (FIGURE 5), and thus would not be subject to depolarizing 
K-inactivation. The increased conductance accordingly would decrease the membrane time 
constant and shorten the falling phase of the spike. Acetylcholine has somewhat different 

degrees of effects on different parts of the heart muscle and this may reflect different relative 
densities of chemosensitive areas of membrane in the various regions of the muscle mass. ‘The 
occurrence of uninnervated membrane was first suggested by Langley (1905). 


- 
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(Tasaki, 1959a) axons. In lobster muscle fibers hyperpolarizing responses are 
manifested (FIGURE 18), starting from the normal resting potential of the mem- 
brane (Reuben et al., 1959; Reuben e¢ al., 1960a), and the analysis of the events 
is thereby easier than in the other tissues. Hyperpolarizing responses without 
prior depolarization are observed in several kinds of electroplaques (Bennett 
and Grundfest, unpublished; Cohen et al., 1961). They may also occur in 
Noctiluca, in which no resting potential has been observed (Chang, 1960). 

In lobster muscle fibers the threshold is clearly recorded as a sudden change 
in the effective resistance of the membrane (FIGURE 19), and the magnitude of 
the resistance change is large, some 8- to 10-fold (FIGURE 20). The hyper- 
polarizing response is not affected by removing external CI, nor is the equilib- 


300 asec. 


Ficure 17. K-inactivation and prolonged response of Purkinje fibers of sheep. (Lef#) 
Records and graph of current-voltage relation in Na*-free saline solution. Note that de- 
olarizing K-inactivation in medium range of depolarizing current is more extreme than that 
in the crayfish muscle fiber of FIGURE 10. (Right) Cardiac spike calculated on basis of Hodg- 
kin-Huxley equations modified to include continued Na-influx (Gna) and a diminished K-con- 


Soule 19 nar followed by delayed increase. Modified from Hutter and Noble, 1960, and 


rium potential for the i.p.s.p. of lobster muscle fiber altered during hyperpolariz- 
ing responses. Thus the response probably does not involve a change of the 
membrane conductance for Cl-. However, the hyperpolarizing response is 
eliminated in the presence of alkali earth or onium ions, the membrane resistance 
of the resting cell rising to the value it would have attained during the peak of 
the hyperpolarizing response (FIGURE 19). All these data therefore indicate 
that the increased membrane resistance is due to decreased conductance for 
K*, a manifestation of hyperpolarizing K-inactivation (FIGURE 8). 

The pulse phase of the hyperpolarizing response can be initiated by a small 
brief hyperpolarizing pulse superimposed on a background hyperpolarization 
not itself strong enough to evoke the response. It then demonstrates further 
complexities in the effects of hyperpolarizing currents (FIGURE 21). The dif- 
ferent time courses of the onset and subsidence of the pulse and the relative 
depolarization after the pulses are then clearly evident. These features and 
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the relative refractoriness of the membrane after a conditioning hyperpolariz- 
Ing response may seem to justify the interpretation (Spyropoulos and Tasaki 
1960; Tasaki, 1959a) that the nature of the membrane generator changes when 
the response occurs. A change does occur, but probably as a complex series 
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FicurE 18. Hyperpolarizing responses in lobster muscle fiber. (Upper trace) Monitor 
of intracellularly applied hyperpolarizing current. (Lower trace) Membrane potential. (A) 
Current subthreshold for response. (B and C) Hyperpolarizing responses at threshold show 
first a slow increase in negativity, then a regenerative rise, and its subsidence to a value 
less negative than at the start of the hyperpolarizing response. (D) A stronger current 
caused earlier onset of the pulse phase and a second pulse developed before the current was 
terminated. (£) Six superimposed records showing variations of responses (Reuben, 
Werman, and Grundfest, unpublished). 


of effects leading to a marked decrease in K-conductance. This change may 
be an electrogenic activity under appropriate conditions (FIGURE 28). In the 
hyperpolarizing response of lobster muscle fibers and probably of several other 
tissues the change manifests itself electrically as a change in membrane polari- 
zation due to an increased IR drop across the membrane during an applied 


current. 
The hyperpolarizing response of frog nodes may also be ascribed to a similar 
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effect. However, while the normal lobster muscle fiber has a K-electrode 
membrane, that of the axon is relatively ineffective in that respect, but be- 
comes a K-electrode on depolarization with prolonged applications of high K* 
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Ficure 19. Abolition of whl aol eee pee responses of lobster muscle fibers by alkali- 
earth ions. (Inset) Records of hyperpolarizing response in Homarus saline (above) and its 
absence in a high-Ca** medium. (Graphs) Current-voltage curves for another muscle fiber 
in the normal Ringer’s medium (dots) and in a high Ba*+-medium (crosses). Development 
of a hyperpolarizing response in the Ringer’s solution is denoted by the sudden rise of the 
peak membrane hyperpolarization when the applied current exceeded about 2.5 X 1077 A. 
Note that higher currents caused relatively little further change in the peak potential, indi- 
cating a low dynamic resistance. On applying Ba** the effective resistance increased nearly 
ninefold, and a hyperpolarizing response did not develop. Higher currents produced lower 
additional hyperpolarizations both in the early peak and in the plateau, indicating that the 


hyperpolarizing conductance increase was still present (Reub 
unpublished). P (Reuben, Werman, and Grundfest, 


(FIGURE 13). The latter is the condition under which hyperpolarizing re- 
sponses are elicited in frog nodes (FIGURE 22). The depolarized membrane is 
shifted back from its state of low resistance to its initial electrode state and 
high resistance condition when high inward currents are applied. It is inter- 
esting to note in this connection that crayfish muscle fibers, which have a high 


a ne 
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resting resistance in contrast to lobster muscle fibers, and poor responsiveness 
as K-electrodes (r1cGuRE 14) do not exhibit a hyperpolarizing response. 
Increased conductance during and after hyperpolarization. ‘Anomalous recti- 
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Ficure 20. Magnitude of increase in membrane resistance during the peak of a hyper- 
polarizing response. The latter (inset record) was evoked by a brief pulse. The time con- 
stant of the passive decay of the potential initially was eight times higher than in the the 
later phase, indicating that the membrane resistance was at least eightfold higher during the 
initiation of the hyperpolarizing response (Reuben, Werman and Grundfest, unpublished). 


fication” (Katz, 1949) and “anodal breakdown” (Hodgkin, 1947) reflect an 
increased membrane conductance that occurs under various conditions in many 
cells when they are hyperpolarized. The increase occurs during and after 
hyperpolarizing responses of Noctiluca (Chang, 1960), squid axons (Tasaki, 
1959a), frog nodes (Liittgau, 1960, his FIGURE 2), and of lobster muscle fibers 
(FIGURE 23). In the latter the increase is manifested even when the response 
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is abolished by alkali-éarth ions (FIGURE 19). It is time-dependent to some 
extent, so that the hyperpolarization has an early peak and a less negative 
plateau. It also occurs in crayfish muscle fibers, which do not produce hyper- 
polarizing responses (Girardier ef al., unpublished). 


FicurE 21. Regenerative development of hyperpolarizing response an 
graded changes. Ink writer records, upper trace of Serene ae of seapeate peeves 
(Left) A brief hyperpolarizing pulse was applied during a weak longer-lasting current Note 
(middle record) a graded response indicated by the prolonged duration of the brief hype olar- 
ization. A slightly stronger pulse (lower record) evoked a full hyperpolarizing reapeneel Its 
pulse phase was succeeded by a marked decrease in membrane negativity. (Right) A stron er 
prolonged current evoked a hyperpolarizing response. Testing pulses evoked various 
grees of graded responses (Reuben, Werman and Grundfest, unpublished). ; 


The amount and duration of the conductance increase that persists after 
withdrawal of the current is dependent on the applied current, indicating that 
the change is voltage operated, like the Na- and K-conductance changes durin 
the spike, or the conductance decreases of K-inactivation. Strong feiss 
polarizing currents cause a change that persists for more than a minute (FIGURE 
yey The change occurs (FIGURE 19) independently of and superimposed on 
the K-inactivation, which initiates the hyperpolarizing response. The com- 
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bination of the two factors therefore can give rise to the pulselike form of the 

latter, as well as to the tendency to oscillatory hyperpolarizing responses. 
The relative depolarization that occurs when the pulse of a hyperpolarizing 

response terminates during an applied current (ricuREs 18 and 21) has its 


Imin. 


10-9 amp. 


FicurE 22. Hyperpolarizing responses in frog axon. The origin of the graph is the 
measured membrane potential in the absence of polarizing currents, that is, a fraction of the 
true resting potential. The fiber was depolarized in 40 mmole/l. Kt. Beginning with strong 
depolarizing current at the bottom of the graph, currents were applied at regular intervals 
(time in upward direction). The heavy line connects the value of the membrane potential. 
When hyperpolarizing currents exceeded about 5 X 107° A there was at first a gradual then 
a sudden increase in membrane polarization. ‘The thin line connects the experimental values 
during the peak of the hyperpolarizing responses evoked by currents of above 8 X 1071 A. 
The line extrapolates approximately to the initial resting potential. Modified from Stampfili, 


1959. 


parallel as an absolute depolarization after prolonged hyperpolarizing currents 
(rIGURE 23). Since the conductance change is very large at this time, depolar- 
ization due to Na-activation might be expected to drive the membrane into a 
regenerative activity. However, the changes are not due to increased Cl-con- 
-ductance, since the Eypsp in these fibers is usually hyperpolarizing to the rest- 
ing potential. It is perhaps possible that simultaneous conductance increases 
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Ficure 24. Changes in potential and conductance in squid axons after termination of 
hyperpolarizing currents. Simultaneous recordings of membrane potential and of imbalance 
of an AC bridge. (Left) Axon depolarized in 40 mmole/]. Kt. Record shows the termina- 
tion of a hyperpolarizing current (arrow). The membrane potential returned with a brief 
depolarizing excursion during which the resistance fell greatly. The resistance continued 
low after the potential returned to its initial depolarized value (indicated by broken line). 
(Right) Another axon, injected with TEA. The depolarizing excursion after the hyperpolar- 
izing current ended was much larger, developing an overshoot and a prolonged spike, charac- 
teristic of the TEA-treated axon. The membrane resistance during the plateau of this spike 
increased moderately after the initial large change associated with the rising phase. Cali- 
brations 50 my and 5 msec. Modified from Tasaki, 1959a. 
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RELATIVE IMPEDANCE 


Ficure 25. Resistance during prolonged spikes of Ba**-treated lobster muscle fibers. 
Effective resistances are approximate, particularly at peak of spike when the len gth constant 
of the fiber is markedly decreased. The figure represents an average of 10 experiments with 

spikes of different durations. (Werman and Grundfest, 1961). Reproduced by permission 
of the Journal of General Physiology. 
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Internal potential (my) 
3s 


Internal < 

No. of potential 7 es Cn 
fibres Solution (mv, approx.) (mm) (msec) (Qem) (pF /cem) 

9 Ringer’s —90 2-01 22-3 12-7 x 104 0-18 

3 solution F ( +40 3-37 32-6 28-7 x 108 0-11 

\ (100 mm-K, 
0 mm-Cl, \ 
3) sulphate) —20 1-18 3-7 3-0 x 10# 0-12 


Ficure 28. “Upside-down” responses and electrode changes in frog muscle fibers. At 
the beginning of the graph the preparation, soaked in a high K, high Cl medium had a rest- 
ing potential of —20 mv. On A ied 5 to a Cl-free, high K medium the membrane potential 
became inside positive and acted as a Cl-electrode, reflecting the larger internal Cl-. This 
was associated with a large rise in membrane resistance (TABLE 1) indicating that its K-con- 
ductance was greatly diminished. A change between low and high K-conductance which 
was correlated with “upside-down” oscillatory potentials (records) took place subsequently. 
Note changes in length constant (A) and time constant (7m) that are associated with changes 
in membrane resistance (rm) while the membrane capacity (cm) remains nearly constant. 
Modified from Adrian, 1960. 
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for both Na* and Cl-, or for Nat and K+ are involved. These could give rise 
to a large net increase in conductance and only a small depolarization (Grund- 
fest, 1957d). 

The terminations of the hyperpolarizing responses in squid and toad axons 
(Tasaki, 1959a) appear to have somewhat different properties from those in 
lobster muscle fibers and the events in the two axons also differ one from the 
other. However, these differences probably arise from different kinetics of the 
components in the complex sequence of conductance changes. The depolariz- 
ing overshoot in the squid axon is large but brief (ricuRE 24, left), although 
the conductance increase also outlasts the potential as in lobster muscle fibers. 
The anodal break response of the depolarized squid axon probably reflects 
competitive electrogenic effects of two increasing ionic conductances. The 
depolarizing electrogenesis caused by the Na-conductance increase is quickly 
counteracted as high K-conductance due to the depolarization of the axon by 
the external Kt is restored. The conductance increase therefore continues to 
be manifested while the electrogenesis terminates. In a TEA-treated axon, 
however, the K-conductance may be expected to be low (FIGURE 6) and the 
anodal break response develops into a prolonged spike (FIGURE 24, right) with 
which is also associated some degree of increased conductance. There is a 
period of sustained hyperpolarization after the hyperpolarizing current is with- 
drawn in depolarized toad axons, but the membrane conductance during this 
phase is not known (Tasaki, 1959a). 

Prolonged spikes and conversion of graded responses to spikes. The occurrence 
of different combinations of transducer actions with different kinetics accounts 
for numerous recent findings that spikes can be prolonged under various ex- 
perimental conditions (for references cf. Chang and Schmidt, 1960; Spyro- 
poulos and Tasaki, 1960; Werman and Grundfest, 1961), or may occur spon- 
taneously (Bennett ef al., 1959). Basically, prolonged spikes result from 
changed relations between magnitudes and time courses of the depolarizing 
transducer action (Na-activation) and of the repolarizing (K- and/or Cl-acti- 
vation), with a relative increase of the former over the latter. However, there 
are overall differences. The change may involve only block or delay of K- 
activation which appears to be the major effect in Onchidium neurons (FIGURE 
6), or that action may be combined also with prolonged Na-activation, as 
probably occurs in squid giant axons (FIGURE 24), frog dorsal root ganglion 
cells (Tasaki, 19595), cockroach giant axons (Narahashi and Yamasaki, 1960) 

and probably also in puffer supramedullary neurons (Bennett, unpublished 
_ data). The conductance during the plateau of these prolonged spikes is high 
- relative to that of the resting membrane. 

The membrane conductance becomes lower during the plateau of cardiac 
spikes in comparison with the “resting” (diastolic) resistance (Weidmann, 
1956). Thus, while there is probably a small component of enhanced Na-con- 
ductance (FIGURE 17), there must also be a depolarizing K-inactivation which 
increases the' membrane resistance. The latter effect also occurs during the 
spike of eel electroplaques (FIcuRE 16), but there is probably also an early Na- 
inactivation. The normal spike then is “prolonged” but the total duration 1s 
brief, since the time constant of the cell is small. ' 
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Block of K-activation relative to Na-activation probably accounts for the 
conversion of graded responses of various arthropod muscles to spikes by pro- 
caine (FIGURE 10). Crayfish muscle fibers are much more sensitive to procaine 
than are lobster muscle fibers (Girardier ef al., unpublished), and can develop 
extremely prolonged responses in procaine. In lobster muscle fibers the spikes 
are brief, but addition of small quantities of other agents (for example, sero- 
tonin and alkali-earth ions) results in spikes that may last for many minutes 
(Reuben and Grundfest, 1960). This effect is associated with increase in the 
resting membrane resistance, which also occurs on treating the muscle fibers 
with TEA or alkali-earth ions (FIGURE 9). Thus pharmacological K-inactiva- 
tion, superimposed on an increase in Na-activation can lead to very prolonged 
spikes (Reuben and Grundfest, 1960; Werman and Grundfest, 1961) during the 
plateau of which the membrane resistance is lower than in the resting fiber 
(FIGURE 25). 

Fatt and Ginsborg (1958) suggested that Catt is the ion carrying inward 
positive charge during the graded response of crayfish muscle fibers, and that 
conversion of graded to all-or-none activity in the presence of Batt or Sr** is 
due to the greater permeability of these ions. However, arthropod muscle 
fibers that give all-or-none responses in Ba** or Sr** also have a very high 
resting resistance (FIGURE 9). This finding and other data (Werman and 
Grundfest, 1961) have led to a different explanation, in which Nat plays its 
normal role, although it can be substituted by alkali-earth or onium ions. 
These agents cause diminution of K-conductance by pharmacological K-inac- 
tivation and a concomitant block of Na-inactivation. These effects, which in 
other cells change brief to prolonged spikes, have a more dramatic effect in 
the normally gradedly responsive arthropod muscle fibers, since they convert 
small graded responses to prolonged spikes (FIGURE 2). 

Factors that affect the different conductance processes, either diminishing 
or increasing them, may each operate independently and thus can give rise to 
many ‘‘spontaneous” or induced irregularities in the prolonged responses (FIG- 
URE 26). Thus the spikes may develop oscillations under various conditions 
and may vary considerably in duration, presumably terminating when the con- 
ductance of the repolarizing ion flux exceeds that of the depolarizing. Pro- 
longed spikes with very high plateau conductance can tolerate very large 
hyperpolarizations (Werman e/ al., 1960), perhaps because anode break Na- 
activation is then enhanced (FIGURE 27). However, a fuller analysis of the 
different varieties of prolonged spikes that have already been observed will 
require elaboration of still further data. 

“Upside down” responses of frog muscle fibers. Superficially this type of 
change in membrane potential (FIGURE 28) resembles the spontaneous oscilla- 
tions during prolonged spikes of lobster muscle fibers (FIGURE 29). This 
probably is due to the analogous causative agents, alternations between two 
electrode states of the membrane. The electrode states of the “upside-down” 
responses, however, are for CI” and K+. The muscle fiber membrane appar- 
ently becomes predominantly a Cl-electrode under some conditions and in the 
experimental conditions of FIGURE 28 (O Cl outside), the membrane potentia! 
assumes an inside-positive value. This is associated with high membrane re- 
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sistance, indicating that Cl- has a lower permeability than K+ but that K-con- 
ductance of the normal fiber is blocked. As is also the case for the oscillatory 
activity of prolonged spikes, the conductance shifts for some unknown reason. 
The muscle fiber membrane now becomes again more permeable to K*, the 
membrane resistance decreases, and the potential tends toward the equilibrium 
for K+, inside negative. The K-conductance decreases again and the mem- 
brane resistance and potential return to their earlier values. The oscillations 


J 


FicurE 30. Spikes of different form and amplitude generated by the two surfaces of an 
electroplaque of Malapterurus. The response was evoked by an electrical stimulus lasting 
about 4 msec. (on and off artifacts occurred before and after the spikes). Vi : recording 
across the electroplaque. V2 and V; : differential recordings respectively across the anterior 
and posterior faces of the cell, as shown in the diagram. The caudal face developed a briefer, 


ines spike than did the rostral face. (From Bennett, Keynes, and Grundfest, unpub- 


have the form of hyperpolarizing responses if the more positive potential is 
regarded as the initial level. If the most negative level is taken as the base- 
line, the oscillations take the appearance of prolonged spikes. 

Regional differences in electrically excitable membranes. The conductile ca- 
pacity of electrically excitable membrane tends to obscure regional differences 
which in synaptic membranes are exemplified not only by electrogenesis of 
different signs, but also by different degrees of responses to one or another kind 
of innervation. Nevertheless microelectrophysiological studies do disclose 
differences in electrical threshold, in accommodation or in the form of the 
spike and after-potentials, as for example, between the axon and soma of a 
neuron, or between different parts of an electroplaque (FIGURE 30). Some of 
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these differences are undoubtedly due to electrophysiological properties, such 
as different kinetics of the different action components (for further discussion 
cf. Grundfest, 19612). 

However, other regional differences may be caused by structural factors. 
Thus the distribution of currents generated by an extended fiber such as the 
myelinated vertebrate axon may be expected to differ from that in the approxi- 
mately spherical unmyelinated cell body. The presence or absence of dendritic 
branches may also affect the shape and size of an action potential. If parts of 
the cell body and dendrites are electrically inexcitable they will present a load 
to the electrically excitable membrane. Dendritic branches that have elec- 
trically excitable membrane may have different electrical properties depending 
upon their dimension, as well as different thresholds and conduction velocities. 


Some General Conclusions 


The components of ionic transducer actions as populations. The foregoing has 
described, and to some extent analyzed, the various types of conductance 
changes that may occur singly or in different combinations and may give rise 
to various manifestations in electrogenic cells. It is obvious that the occurrence 
of processes that may involve increase or decrease of conductances for at least 
three and perhaps for more ionic species of different sign and different concen- 
tration gradients can lead to very many types of complications in electrogenesis. 
No attempt can be made now to treat the phenomena more analytically, since 
kinetic data for all of the participating processes would have to be available. 
At present, however, we lack even the methods for characterizing some of these 
processes precisely. 

It is likely, also, that much more sophisticated mathematical models will be 
required than the semiempirical formulations built on rates of reactions. The 
peculiar but similar forms of hyperpolarizing responses, “upside-down’’ re- 
sponses, and the oscillations during prolonged spikes suggest that population 
statistics based on irreversible thermodynamics (Grundfest, 1955, 1957d; Ta- 
saki, 1959a) may be more suitable for building such models. One indication 
to this effect already exists (Grundfest, 1957d). Eel electroplaques treated so 
as to respond only with graded responses (Altamirano e¢ al., 19556), when ex- 
cited by localized stimuli, respond with what appears to be all-or-none spikes 
when threshold stimuli are applied to the whole area of the excitable surface 
(Altamirano, 1956). This has been interpreted (Grundfest, 1957a, 1957d) as 
indicating existence of unit areas with specific distributions of a population of 
_ valving elements with different thresholds. Tasaki (Spyropoulos and Tasaki, 

1960) has also adopted this view. | 
The population would be homogeneous with respect to the involved ion in 
membranes that operate only by K- or Cl-valving. In the other types there 
may be two populations (for example, for Nat and Kt in membranes with de- 
polarizing electrogenesis and for Kt and Cl in some with hyperpolarizing 
activity), or three if Na+, K+ and Clare all involved. In these cases the total 
number of valves might be fixed, but the proportions may vary at different 
times (Mullins, this publication), or they might be independent in number and 
action. Data now available are inadequate to decide for every case, although 
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the independent modification of Na- and K-activation (FIGURE 6) indicates that 
the different populations may be independent at least in some cells.* 

The independence is also suggested by the fact that some membranes have 
only an electrically excitable K-conductance or Cl-conductance. Since these 
valving mechanisms can exist without that for Nat, perhaps their simultaneous 
occurrence in other membranes is only a manifestation of random assortment, 
but one whose occurrence is made more probable by evolutionary pressure. 
The presence of only the repolarizing valving mechanisms is essentially useless 
for electrically excitable activity which is initiated by depolarizing stimuli. 
They might then exist as vestigial elements in cells whose functional purposes 
are fulfilled by an electrically inexcitable electrogenesis. For conductile pur- 
poses the electrically excitable membrane has also evolved a depolarizing ion- 
valving in addition. 

Further complications may also be envisaged. The two interfaces of the 
membrane with the different internal and external media may cause asym- 
metries in the energy requirements for penetration of a given ion species in 
one direction or the other. The interface components of the membrane might 
also have different structures which would add considerably to the asymmetry. 
Thus squid axons behave differently to application of ions (Grundfest e¢ al., 
1954) or drugs (Tasaki and Hagiwara, 1957) to the two faces of the membrane. 
It is likely, also, that some cells have membranes whose properties are inverted 
with respect to each other. This might account for the requirement that TEA 
be injected into squid axon (Tasaki and Hagiwara, 1957) while it need be 
applied superficially in others. The thickness of the membrane relative to 
the size of the penetrating ions can also produce complications that have been 
shown experimentally in squid axons (Hodgkin and Keynes, 1955) and have 
been treated theoretically in a recent extension of the Teorell-Meyer and Sie- 
vers theory (Teorell, 1953). 

Electrode properties. While it is generally assumed that the resting membrane 
is a K-electrode, considerable recent evidence indicates that many membranes 
are relatively “poor” K-electrodes, to the extent that they are insensitive to 
very considerable changes in internal or external K+. The electrode properties 
of membranes toward a specific ion apparently depend not only on the absolute 
value of the permeability of that ion, but also on the relative permeabilities of 
other ions. Thus the membrane of crayfish muscle fibers even in moderately 
high concentrations of Kt act essentially as a Cl-electrode. While the perme- 
ability to Cl- appears to be very low, it nevertheless is probably high relative 
to that of Kt. When the K-permeability is increased, the membrane becomes 
a K-electrode. The membrane of frog muscle fibers can also behave as a Cl- 
electrode. The membrane resistance is then high relative to the resting re- 
sistance, but the resistance falls as the membrane again becomes a K-electrode. 

The different relations between membrane potential and K+) in lobster and 
crayfish muscle fibers (FIGURES 11 and 14) can be calculated with remarkable 


* Electrically excited Cl-conductance of Raia electroplaques may be elimi i 
: ite y be eliminated without 
affecting K-permeability (Cohen ef al., 1961). The resting Cl-permeability of crustaceans 
(Girardier, Reuben, and Grundfest, unpublished) and frog (Belton and Grundfest, unpub- 
lished) muscle fibers may be diminished without affecting K -permeability. 
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accuracy (Girardier et al., 1961) by inserting appropriate, though very different 
values of Px and Pc: in the constant field equation (Hodgkin and Katz, 1949). 
Cl moves passively, as it also does in frog muscle fibers (Hodgkin and Horo- 
wicz, 1959). Although the redistribution of total Cl- takes many hours in 
frog muscle (Adrian, 1960), the shift in membrane potential due to a change in 
K*;/K*o occurs rapidly (Hodgkin and Horowicz, 1959), indicating rapid redis- 
tribution of Cl across the membrane. In crustacean muscle fibers, however, 
_the change in membrane potential is also very slow, indicating that the perme- 
ability of their membranes for Cl is low, with the result that the gradient across 
the membrane changes only slowly (Girardier ed al., 1961). 
__ Pharmacological K-inactivation by the alkali-earth and onium ions is clearly 
evidenced by the loss of the K-electrode property. This should be accompanied 
by an increase in membrane resistance, and the latter effect has been demon- 
strated in muscle fibers of various arthropods. A small increase in membrane 
resistance also occurs in frog axons (Liittgau, 1960). A related effect of phar- 
macological K-inactivation is the abolition or diminution of delayed rectifica- 
tion. This is found in arthropod muscle fibers (Werman and Grundfest, 1961), 
frog slow muscle fibers (Belton and Grundfest, unpublished) and Raza electro- 
plaques (Cohen e¢ al., 1961). It also is evidenced in frog nodes treated with 
TEA (Liittgau, 1960, figure 8). 

Different degrees of pharmacological K-inactivation are produced in a given 
cell by different agents, or by the same agent in different cells. In some cases 
the amount of K-inactivation appears to be independent of the amount of the 
agent, when the latter is greater than a rather small threshold quantity. With 
other agents and in some cells, however, there is a more extended relation 
_ (FIGURE 9). In pharmacological terms, the difference indicates different dose- 

effect curves. Pharmacological inactivation may also occur in electrogenically 
inert membrane components. Thus, the passive membrane component for Cl- 
permeability in frog skeletal muscle fibers (Hodgkin and Horowicz, 1959) and 
in crustacean fibers (Girardier e¢ al., 1961) may be blocked, as noted above, by 
appropriate pharmacological agents. 

The various relatively ion-specific glass electrodes are best known among 
nonliving systems. However, even in the case of glass electrodes the mecha- 
nisms of electrode processes are still dimly understood (Ling, 1960). In the 
case of the living membranes, electrode properties selectively for Kt, Nat, or 
Clr are manifested in spite of very heterogeneous media on both sides of the 
membrane electrode and under conditions of high ionic strength, and sometimes 
in the face of large ion fluxes. It is thus not surprising that under certain 

conditions some membranes do not act as “good” electrodes. What is more 
surprising, indeed, is that they can behave as ion-specific electrodes at all 
under these complex circumstances. 

Prolonged spikes. In eel electroplaques Na- and K-inactivation come into 
play as the peak of the spike develops, so that the membrane resistance during 
the falling phase becomes higher than in the resting cell. Impedance measure- 
ments and other data to establish the exact time course of these changes are 
as yet unavailable. However, in the electroplaques of Eigenmannia and 
Sternopygus, Na-inactivation probably develops on the rising phase of the 
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spike, and K-inactivation is brief. Thus at the peak of the spike the resistance 
is somewhat higher than in the resting cell (Bennett, elsewhere in this volume), 
but in the falling phase K-activation occurs and the resistance falls. In car- 
diac muscle, K-inactivation is probably very large even though there is con- 
tinued Na-activation. Thus while the spike is prolonged the plateau has a 
higher resistance than does the resting membrane. In Onchidiwm neurons, as 
in squid axons, depolarizing K-inactivation appears to be insignificant. The 
outward flux due to K-activation in these cells causes a steeper falling phase 
than would have occurred if decay of the potential had been passive. The 
spikes become prolonged, but since depolarizing K-inactivation is absent, the 
resistance during the plateau is lower than in the resting cell. 

Thus the interplay of four conductance factors is adequate to account for 
the different varieties of spikes that are encountered in various animal cells. 
Transducer actions for Cl-, such as appear to be responsible for the spike of 
Chara (Gaffey and Mullins, 1958) need not be taken into account at present 
although, as indicated by the delayed rectification of Raia electroplaques, 
components of Cl-activation and inactivation may become important in other 
cases. 

Graded responses. The possible role of an excess of polarizing electrogenic 
components over the depolarizing Na-valving in causing graded responsiveness 
has been noted above. Although quantitative data on the kinetics of their 
electrogenic processes are not as yet available, the major factors in graded 
responses of arthropod muscles appear to be the same as those that operate in 
the production of spikes. 

Evidence on the nature of graded responsiveness of arthropod muscle fibers 
derives from their conversion to all-or-none spikes by agents known to affect 
the electrogenic components of spike-generating membranes. As in the latter, 
so also in the gradedly responsive membrane, various degrees of change are 
produced depending on the effects of the pharmacological agents on the different 
components. Conversion of graded responses to spikes can arise by diminution 
or block of K-activation; by K-inactivation, by enhanced Na-activation, by 
diminution or block of Na-inactivation, or by various combinations of these. 
Thus there may occur spikes that are brief or prolonged but develop without 
a change in resting resistance; others are prolonged and have varying degrees 
of conductance increase during the plateau. 

Oscillatory potentials. Even during the very prolonged spikes of lobster mus- 
cle fibers the conductance during the plateau rises only some 3- to 10-fold in 
comparison with the resting conductance, and frequently the change is much 
smaller. Thus the excess of depolarizing inward flux of positive charges over 
fluxes of repolarizing ions may be very small. The net excess inward flux need 
be only marginal to maintain the membrane in its depolarized state. This 
marginal character is revealed, however, by instabilities that cause oscillations 
during prolonged responses. An instability, leading to oscillations of similar 
appearance, but due to different causes, also is responsible for the “upside- 
down” responses of depolarized Cl-loaded frog muscle fibers. It is likely that 
instabilities due to marginal excess of one electrogenic component over another 
also occur naturally, arising as the “profiles” of ionic distributions (Teorell, 
1953) in the membrane change. These instabilities probably account for the 


——— 
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variations in spike duration of puffer neurons, variations that are more pro- 
nounced in neurons of immature fish. They may also be the cause of pace- 
maker activity in various types of neurons and of the slow oscillations that have 
been observed in other neurons, as exemplified by the photodynamically ac- 
tivated oscillatory behavior in giant neurons of A plysia (Arvanitaki and Chala- 
zonitis, 1960). 

Hyperpolarizing responses. In lobster muscle fibers hyperpolarizing K-in- 
activation is readily manifested by the production of the hyperpolarizing 
responses. That such a transducer action is involved is shown by the increased 
membrane resistance and by the elimination of hyperpolarizing responses on 
inducing pharmacological K-inactivation by alkali-earth ions. 

.The relative ease with which hyperpolarizing responses are produced in lob- 
ster muscle fibers is probably related to the high resting K-permeability of the 
fibers. In squid or vertebrate axons the K-permeability must first be increased 
by depolarizing the cells. In crayfish muscle fibers the K-permeability is very 
low and they ordinarily show only anomalous rectification. However, a type 
of hyperpolarizing response may develop by reinstituting K-inactivation when 
the K-conductance is first increased under various experimental conditions 
(unpublished data). 

The slow onset of the K-inactivation during hyperpolarizing responses and 
the subsequent rapid shift of membrane potential indicate that the kinetics of 
the inactivation process are complicated. Probably they involve, at first, a 
gradual increase in the number of inactivated K-valves, followed by an ex- 
plosive regenerative increase. A striking feature is the resemblance of the 
- forms of various oscillatory potentials to the hyperpolarizing response of lob- 

ster. This suggests a common general type of action that might be related to 
similar kinetics of changes in the ionic profiles of the membrane, albeit for 
different ions. 

A conductance increase is evidenced particularly at the end of the anodal 
current pulse that generates the hyperpolarizing response. It occurs, however, 
also during the applied current and is manifested by the subsidence of the 
hyperpolarizing pulse and the decline of the membrane negativity to values 
below the threshold at which the response had begun. Also manifesting the 
occurrence of the increased conductance is the lowered dynamic resistance of 
the membrane to the applied currents. Similar findings have been observed 
in Noctiluca, mammalian heart muscle and axons. However, the occurrence of 
oscillatory hyperpolarizing responses indicates that the conductance increase 

may be counteracted by concurrent K-inactivation. The conductance increase 
is probably a manifestation of anomalous rectification or “anodal breakdown.” 
Several ions are probably involved and are presumably Nat and K+. How- 
ever, the details of these transducer actions are not as yet clear. It is con- 
ceivable that appropriate combinations of the latter account for anodal break 
responses. ; 

Several alternative explanations for hyperpolarizing responses that have been 
referred to in the text rest upon the changes of electrode properties or of elec- 
trode “states” of the membrane. An explanation somewhat related to that 
presented here is given by Liittgau (1960). 

The role of Na. Spikes, or large depolarizing graded responses, can be evoked 
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in the absence of Nat in many varieties of cells. Indeed, when Nat is com- 
pletely substituted by alkali earth or onium ions, normally gradedly responsive 
invertebrate muscle fibers can develop larger potentials and even spikes. The 
numerous findings on the ‘“dispensability” of Nat have been interpreted as 
disproving the ionic theory of spike electrogenesis (Koketsu, 1961; Spyropoulos 
and Tasaki, 1960). 

It must be admitted that some of the recent data do not as yet have a ready 
explanation in terms of the ionic theory. Particularly is this true of experi- 
ments in which spikes have been produced in tissues bathed in ion-free media. 
However, at least in some of these cases the tissue had to be soaked for con- 
siderable periods of time in some particular organic substance (Koketsu, 1961; 
Laramendi ef al., 1956; Lorente de N6, 1949; Lorente de N6 ef al., 1957). 
Lobster muscle fibers previously treated with procaine or some other substance 
can develop prolonged spikes in an urea or sucrose medium (Werman ef al., 
1960). However, when the procedures were reversed, adding procaine to a 
muscle already bathed in the nonionic media did not lead to spikes. 

It is possible, however, to explain most of the data in terms of the ionic 
theory that they purport to contradict. Thus the prolonged spikes caused in 
many tissues by alkali-earth or onium ions can be ascribed to the effects of the 
experimental agents on the different components of the membrane transducer 
actions (Werman and Grundfest, 1961). For example, in lobster muscle fibers 
Bat+ and TEA apparently cause pharmacological block of K-activation and 
Na-inactivation, and are capable, as well, of replacing Na* as the ion carrying 
inward positive charge. As described above, these effects may be differentiated 
from the action of TEA on squid axons or Onchidium neurons. The different 
pharmacological properties of membranes are further emphasized by the effects 
of Batt on squid axons. Applied externally this ion has no effect on the axons. 
When injected in very small quantities into the axon, Ba** destroys electrogenic 
responsiveness and depolarizes the membrane. 

The implications drawn from the “dispensability” of Nat lose their meaning 
in the face of evidence that certain electrically excitable electrogenic membranes 
operate without Na-valving (FIGURE 8). The fact that the electrical responses 
of these membranes and of their electrically inexcitable counterparts are pre- 
dictable from the electrochemical and physiological postulates of the ionic 
theory give additional support for that hypothesis. Indeed, as noted in the 
introductory section and as illustrated in the body of this paper, the ionic 
theory provides a reasonable basis to account for electrogenic activities of both 
electrically excitable and electrically inexcitable membranes, whereas alterna- 
tive explanations appear to have only limited applicability. 


Summary 


Electrically excitable membranes exhibit a number of transducer actions in 
addition to those of K-activation, Na-activation, and inactivation. These 
effects, which must be incorporated in an extended ionic hypothesis, include 
Cl-activation and inactivation as well as K-inactivation by pharmacological 
agents and by depolarizing and hyperpolarizing currents. Hyperpolarizing 
currents can also activate increased membrane conductance effects. The vari- 
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ous membrane reactions may be demonstrated by: modifications of electrogenic 
activity; altered electrode properties; nonlinear voltage-current relations; os- 
cillatory behavior of the membrane potential, including hyperpolarizing and 
“upside-down” responses; and various conductance changes. The range of 
phenomena accounted for on the basis of the extended ionic hypothesis is thus 
greatly increased, adding support for the theory that changes in ionic perme- 
abilities of the membrane constitute the basic mode of operation of electrogenic 
tissues. 
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INTRODUCTION 


Electric fish are characterized by specialized organs that generate external 
fields large compared to those produced by other electrogenic tissue: nerve, 
muscle, or gland. These organs have evolved in at least six different lines and 
are a remarkable example of convergence. The similarities are more funda- 
mental than the generation of electricity suggesting, in the evolutionary process, 
common features that may have involved the material transformable by natural 
selection as well as the environmental pressures. The importance of the 
starting material is emphasized by the presence of electric organs only in fish. 

Bernstein (1912) early made an insightful suggestion as to the mode of 
operation of electric organs. He proposed that the two opposed membranes of 
the specialized generating cells, the electroplaques, develop at rest equal inside- 
negative potentials. During a response the innervated one of the membranes 
would become depolarized to near-zero potential. The other membrane would 
be inexcitable and tend to maintain its resting potential; current would flow 
along the axis of the cell as a result. This theory accounts for the large po- 
tentials generated by electric organs as the result of two factors: limitation of 
the discharge to one face, and series-parallel arrangement of many cells. 

The Bernstein hypothesis very closely fits the electroplaques of electric rays 
(Torpedinidae) and stargazers (Astroscopidae). It must be added that the 
cells produce only postsynaptic potentials that are electrically inexcitable 
(Bennett and Grundfest, 1961a and 6; Bennett e¢ a/., 1961). The electroplaques 
of the eel, Electrophorus, are also closely fitted by the theory. An important 
modification, however, is that in addition to p.s.p.s the innervated face gen- 
erates a spike that overshoots the resting potential to make the inside positive 
(Altamirano et al., 1955a; Keynes and Martins-Ferreira, 1953). 

Recently a number of additional species of electric fish have been investi- 
gated, revealing great variety among them (Bennett and Grundfest, 1959a and 
b, 1961c; Grundfest and Bennett, 1961; Keynes ef al., 1961). On the Bernstein ~ 
mechanism a number of variants occur. The general picture of opposed mem- 
branes generating different potentials remains correct, but both faces of cell 
may become active and in different ways. In this paper new data on skates 
(Rajidae) and knifefish (Gymnotidae) will be used to illustrate these findings. 

Several functional considerations may be helpful in understanding the 
electrophysiological data. First, it is obvious that generation of external cur- 
rents requires low membrane resistance during activity. On the other hand, 
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little would be gained by making the membrane resistance much lower than 
that of the current path in the intra- and extracellular material and, to minimize 
ionic fluxes, membrane resistance should be kept as high as possible, both at 
rest and during activity. The operation of an electric organ thus represents a 
compromise between efficiency and peak output. Excitable membranes of 
nerve and muscle possess a property that would be of advantage in an electric 
organ; their resistance greatly decreases during activity. In these tissues, 
however, this property is probably important in increasing the safety factor and 
velocity of propagation rather than in generating external current (Hodgkin 
and Huxley, 19526; Yamagiwa, 1956). 

A second characteristic may be derived from the same assumptions. During 
activity, opposing membranes should have more or less the same resistance; 
that is, there should be a kind of impedance matching. This characteristic 
does occur in electric organs. In those cells where only one face becomes active 
in the Bernstein pattern, for example, in Electrophorus, Torpedinidae, and 
Astroscopidae, this face decreases its resistance during activity, and its resting 
resistance is high compared to that of the opposed face (Altamirano et al., 
1955a; Bennett and Grundfest, 19616; Bennett et a/., 1961; and Keynes and 
Martins-Ferreira, 1953). The low-resting resistance of the inactive (and in- 
excitable) face is correlated with a greatly increased surface (Altamirano et al., 
1955a; Keynes and Martins-Ferreira, 1953; and Mathewson ef al., 1961). 
Where both faces become active, they may both decrease their resistance during 
activity, and the resting resistances are about equal. In these cells the faces 
have similar surface areas. The response of the uninnervated face is always 
electrically excitable since it is initiated by depolarization generated in the in- 

_nervated face. 


METHODS 


Preparation of tissue. In all species of Raja studied, segments of tail were 
removed, and the lengths of electric organ therein were dissected free from the 
surrounding muscle and connective tissue. The organ was studied, placed in a 
bath of ray Ringer’s solution (Brock and Eccles, 1958), and microelectrodes 
were placed in the superficial electroplaques under direct vision. In both 
Hypopomus and Sternopygus, electroplaques were studied im situ. The fish 
were fastened to an inclined plane of paraffin with the head down and extending 
into an aerated water pool. The electroplaques were exposed by stripping 
away overlying tissue and were kept moist with a drip of Electrophorus Ringer’s 
solution (Altamirano ef al., 1953). Where desired, organ discharge was blocked 
by spinal section. Paarl: ; 

Recording. Standard microelectrode techniques, as applied in this labo- 

ratory, were used for all intracellular stimulation and recording (Bennett e/ al., 
19592). Neural stimulation was provided by paired 125-y silver wires, Teflon 
insulated except at the tips and placed close to the nerve to be stimulated. 

A. C. impedance measurements were made with isolated lengths of organ 
(Raja) or along the tip of the tail (Sternopygus). The preparations were 
placed in a moist chamber and contacted by large Ag-AgCl electrodes covered 
with Ringer-saturated gauze. A Wheatstone bridge circuit was used with the 
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preparation, and contacting electrodes as one arm (FIGURE 1). Imbalance due 
to polarization of the contacting electrodes was negligible. The fixed resistors 
were selected so that A. C. balance was obtained with all the resistances ap- 
proximately equal. The alternating currents were applied through a shielded 
isolation transformer, and polarizing and stimulating pulses through a Schmitt- 
type R.F. isolation unit. In order to avoid interactions due to transformer 
saturation and changes of impedance in the rectifiers of the R.F. isolation unit, 


preparation 


filter 
oscillo- 
scope 


ied RF. iso- 


oscillator [ation 
unit 


Ficure 1. Circuit diagram for A. C. impedance measurements. See text for description. 


these components were isolated by high- and low-pass RC filters. The bridge 
signal was displayed directly after moderate amplification, or led through an 
electronic variable band-pass filter (Krohnhite 310 AB), and greatly amplified 
before display. 

Recording conventions. In all figures monopolar recordings are shown 
positive deflections upward. Differential recordings across cell membranes are 
shown intracellular positivity upward. In differential recordings between elec- 
trodes external to the two faces of an electroplaque, positivity external to the 
uninnervated face gives upward deflections. Outward, or anodal currents 
through monopolar stimulating electrodes are shown as upward deflections. 
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Results 


The electric organs of the skates, Rajidae, show a possible evolutionary 
sequence, and there are probably enough species to elucidate the graduated 
steps in the refinement of the organs. At one extreme the cells are like those of 
other marine electric fish. The excitable membrane is in the innervated face 


‘and generates only p.s.p.s._ The inexcitable uninnervated face is low resistance 


correlated with a greatly increased surface. At the other extreme the cells have 
an additional response component that is similar to delayed rectification 
(Hodgkin, 1951). This response, largely restricted to the uninnervated face, 
increases the membrane’s conductance when it is depolarized by p.s.p.s gen- 
erated in the innervated face. The two faces have about the same surface area 
and, at rest, have about equal resistances. Following activation of the con- 
ductance increase in the uninnervated face, the electrical conditions are the 
same as in the other type of electroplaques, and p.s.p.s produce larger external 
currents than before. 

Anatomy. ‘The electric organs of the Rajids are in the tail, one on each side 
of the spinal cord, and their development from tail muscles has been quite well 
described (Ewart, 1892). The electroplaques are flattened in the anterior- 
posterior direction (FIGURE 2) and profusely innervated over their anterior 
faces. ‘The posterior surfaces often have a short process or stalk (s), a remnant 
of the muscle fiber from which the cells develop. As in two other groups, 
Mormyridae (Szabo, 1958, 1961a), and Astroscopidae (Mathewson e¢ al., 1961), 
striated material is present in a more or less central area (FIGURE 2C and D). 


_ The striations are single and, even under examination with the electron micro- 


scope, there is none of the additional banding that occurs in muscle (Mathewson 
and Wachtel, personal communication). Two types of electroplaque, cup and 
disc, have been described (Ewart, 1892; Ishiyama, 1958). In the cup form, 
both the anterior and posterior surfaces are quite smooth (FIGURE 2A and C), 
and these are the cells in which both faces become active. The term “cup” is 
used because the cells are often somewhat concave, the centers of the flattened 
cells lying more posteriorly than the margins. In the disc form, the anterior 
surface is smooth, but the posterior is highly digitate or vacuolate, thus having 
an increased surface area (FIGURE 2B and D).~ There is little activity in the 
posterior faces of these cells. The term “disc” is used because the cells tend to 
be flatter than the cup-type. Often they too are concave, but in the opposite 
direction. In all species except those with the most primitive cups, the electric 


‘organs are divided by connective tissue into chambers, each containing one 


electroplaque. Cup-type cells lie with their caudal surfaces close to the caudal 
walls of their chambers. Disc-type cells lie more anteriorly, somewhat rostral 
to the chambers’ centers. 
In the species used in this study, the distinction in form between cup and disc 
was not absolute. Many cups had some digitation on their caudal surfaces 
(ercuRE 2A, lower right), and many discs had some smooth areas (FIGURE 2B, 


lower left). However, the differentiation by position in the connective 


tissue chambers always held. 
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Organ discharge. The organ discharge of the Rajidae is the most primitive 
known, and was indistinguishable in organs with cups or discs. It could be 
elicited only by rather violent manipulation, and then not in every individual. 
It was long-lasting and irregular in amplitude and duration (FIGURE 3). Cor- 
responding to the rostral innervation the discharge was entirely head-negative. 
From the irregularity of form, the firing of single elements appears to have been 
asynchronous and, probably, was repetitive. 

The discharge in air was usually so small as to be useless as a weapon, and it 
was much smaller in sea water (FIGURE 3D), It was probably still large enough, 
however, to affect the ampullae of Lorenzini that are sensitive to voltage 
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Ficure 3. Discharge of Rajid electric organs. A to D: R. erinacea, which has cup-type 
electroplaques. A’, B’: R. eglantaria, which has disc-type electroplaques. Discharges were 
evoked by vigorous prodding and recorded differentially between tip and base of tail, caudal 
positivity up. Upper trace, higher gain. In both forms, discharge was asynchronous and 
very variable in amplitude and duration. All records were in air except D, for which the 
animal was immersed in sea water while regularly responding as in B. The discharge was 
greatly reduced. 


gradients of 1 to 2 mv/cm. (Murray, 1960). Possibly, therefore, the organ is 
functional in some electrical guidance system (cf. Lissmann, 1958). 

The difficulty of eliciting the organ discharge suggests that the responses ob- 
tained may not have been normal. The amplitude and frequency are so low 
that probably no one has looked for the normal discharge with adequate 
techniques. aes 

Intracellular stimulation of cups. The response of cups to depolarization, 
increase in conductance similar to delayed rectification, is illustrated in FIGURES 
4 and 5. There was no indication of inward current such as occurs in spike 
generation. Two microelectrodes were placed in the electroplaque; polarizing 
currents were passed through one, and the resulting voltage was recorded with 
the other. For hyperpolarizing currents the resistance was linear over 20 
to 40 mv (left part of graph and B in FicurE 4). The final voltage was reached 


464 Annals New York Academy of Sciences 


approximately exponentially with a time constant of 3 to 5 msec. For small 
depolarizing currents (right part of graph) the resistance was also linear, but 
for larger currents an early peak was followed by a falling-off (A). If the peaks 
(xs) were plotted against current, they were seen to fall somewhat below what 
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Ficure 4. Intracellularly applied polarization of cup electro 1 j 5 
superimposed records of responses (lower traces) to deselariiin g mre eee eek Fo: 
larger currents, the voltage reached an initial peak, then fell to a much lower steady value 
B: records as in A to hyperpolarizing currents. The voltage change increased approximately 
eee ea Ss ee me voltage-current relation for the same cell as 

, but ata. e relation was line izi 
For depolarizing current, the initial peaks fell somewhat fe ea eter ries reached 
if the cell had had the same resistance as for hyperpolarizing current. ‘The steady levels of 
potential were much lower and continued to decrease as further current was appt Re- 
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would have been expected if the cell had remained passive with the same re- 
sistance as for hyperpolarization. If the depolarizing pulses were shortened to 
various points near the peaks, the voltage always began to decay toward the 
resting value immediately on cessation of the pulse (FIGURE 5).— In this experi- 
ment the nonexponential decay is due to appreciable electrotonic decrement 
along the cell (Hodgkin and Rushton, 1946). Following activation of the 
_ conductance increase the rate of decay of the pulses was greatly increased (D in 


2S ee 


eee 


A 


: > 


5msec. 


FicurE 5. Responses of cup electroplaques to depolarizing pulses of different strengths 
and durations. R. erimacea. Lower trace: intracellular voltage. Upper trace: current 
applied through second intracellular electrode. A to C: superimposed records of constant 
current pulses of different lengths, magnitude increasing from A to C. D: superimposed 
records of a large and a small pulse of the same length; the traces cross following the end of 
the pulses. Whatever the current strength or duration, the voltage started to decrease im- 
mediately on cessation of the current. Following the peaks, the voltages decreased more 
rapidly than if the pulses were stopped before them. ‘The time course of the decrease was 
not exponential since the cells were not isopotential. In D a small depolarization is seen to 
be maintained following the larger stimulus. 


FIGURE 5). As the polarizing currents in FIGURE 4 were increased, the final 
voltage continued to decrease, indicating that the maximum conductance 
change had not yet been produced. 

The duration of the conductance increase, as well as its magnitude, depended 
on stimulus strength and could approach one-half sec. (FIGURE 6). Rather 
than the hyperpolarization that is associated with delayed rectification in most 
tissues, there was a depolarization of a few millivolts (FIGURES 5D and 6D). 

The observed magnitudes of the conductance increase were 5 to 10 times, but 
the absolute magnitude was difficult to evaluate. There was electrotonic decre- 
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ment along the cells that are not of a shape for which solutions to the cable 
equation are convenient. The minimum conductance from FIGURE 5 was 
about 700Q, an appreciable fraction of which must have been coupling resist- 
ance due to voltage drops in the intra- and extracellular electrolytes. Both 
nonisopotentiality and coupling resistance lead to underestimation of the change. 
Probably the membrane conductance becomes so low that the electrolytes are a 
significant part of the internal resistance of the organ. 
Localization of the conductance increase. The conductance increase is of 
advantage to the skate since it occurs predominantly in the uninnervated sur- 


UUW ech 


Ot aaa a Bo MS 
Sieaecomeerert: | fee cneast aes 


poAW UU 0 foul 


Wma Ricans aeeade sa: lE 


re) 
—(eCRrereree = Keer rman aa 
200msec. 


Ficure 6. Duration of the conductance increase in a cup electroplaque. R. erinacea 
Upper trace: intracellular voltage; lower trace: current applied through a second intracellular 
electrode. The first, longer pulse, of increasing strength from A to D, activated the conduct- 
ance increase. The train of brief testing pulses shows the time course of the return to rest- 
ing conductance. When near maximally activated (D), the conductance increase lasted 
over 400 msec., and was associated with a small depolarization that decayed as the conduct- 
ance returned to normal. Reproduced by permission of Elsevier, Amsterdam, Holland. 


faces of the electroplaques. It thus increases the current flowing along the 
axis of a cell, due to generation of p.s.p.s in its innervated face. Indeed to 
the extent that it occurs in the innervated face, it is disadvantageous, since it 
tends to “short-circuit” the p.s.p.-generating membrane and thereby reduce 
axial current. 

The localization of the conductance increase was established by stimulating 
with an external electrode. Because the two faces of an electroplaque are 
opposed, stimulating currents applied along the axis of the cell act oppositely 
on its faces. Thus to some extent separation of their properties may be ob- 
tained, and this technique has proved very useful in the study of electroplaques 
(Altamirano e¢ al., 1955a; Bennett and Grundfest, 1959a; and Keynes et al., 
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1961). The method, as applied here, may best be understood with reference 
to the equivalent circuit in FIGURE 7. Current was applied through a mono- 
polar electrode, external to the uninnervated face. Current inward through 


*] 


Ficure 7. Predominance of the conductance increase in the uninnervated face as indi- 
cated by externally applied currents. Cup electroplaques of R. erinacea. A large Ringer- 
filled capillary-stimulating electrode was placed external to the uninnervated face. Three 
electrodes, one external to each face and one intracellular, differentially recorded the voltages 
across the faces (cf. Diagram in FIGURE 8). The equivalent circuit is shown in the inset 
where the 7,’s represent the low resistances in the extracellular material; the larger resistances 
represent the resting resistances of the two faces; and the switched shunt across the uninner- 
vated face represents the conductance increase. Upper trace: polarizing current. Lower 
traces: potential across innervated (Vinn) and uninnervated (Vuninn) faces, superimposed at 
the beginning of the records. The potentials across the faces were changed in opposite direc- 
tions by the applied currents. During a weak stimulus the voltages across the faces re- 
mained constant (A) and were about equal, showing the similar resistances of the two faces. 
When a stimulus was applied that depolarized the uninnervated face above threshold for the 
conductance increase, the potential across this face decreased during the pulse (B). Simul- 
taneously the hyperpolarization of the innervated face increased, since the low external re- 
sistance tended to maintain the potential across the cell constant. When a stimulus de- 
polarized the innervated face there was much less decrease in potential (C), indicating that 
there was less conductance increase in this face (this direction of current indicated by arrow 


in diagram). 


the electrode; that is, cathodal, would depolarize the uninnervated face and 
hyperpolarize the innervated. Activation of the conductance increase in the 
uninnervated face (closing the switch) would reduce the potential-across this 
face. The resistance through the cell would still be high compared to the 
extracellular resistances, as the innervated face would be hyperpolarized and 
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therefore unchanged in resistance (FIGURE 4). Thus the potential across the 
cell (Vext) should remain approximately constant and, if the depolarization of 
the uninnervated face decreased, the hyperpolarization of the innervated face 
should become greater. 

The records in FIGURE 7 show a typical result. For negative pulses that did 
not depolarize the uninnervated face up to threshold for the conductance in- 
crease, the voltages across the faces remained constant (A) and were about 
equal, indicating the similar resistances of the membranes. For stimuli above 
threshold, the voltage across the uninnervated face decreased during the pulse 
and simultaneously the voltage across the innervated face increased (B). 
There was some conductance increase in the innervated face also, as was shown 
by oppositely directed currents (C). However, the response was much smaller. 
In a few cells the magnitude of the conductance increase was very nearly equal 
in both faces (cf. FIGURE 9), but it was never found to be much larger in the 
innervated face. Whatever embryological mechanism has evolved to localize 
the conductance increase to the uninnervated face, it is not completely effective. 

Neural responses and the conductance increase. Augmentation of the external 
currents produced by p.s.p.s following activation of the conductance increase 
is shown in FIGURE 8. However, the externally recorded response had a 
peculiar form that illustrates the importance of passive as well as active mem- 
brane properties. On neural stimulation of a cell in which the conductance 
was at the resting value, the external voltage had two peaks, although the 
voltages across the cell membranes were monophasic (FIGURE 8A). The sec- 
ond peak was due to the increased current that flowed as a result of activation 
of the conductance increase. This peak disappeared when the cell was suffi- 
ciently hyperpolarized to block the increase (B), and was absent when the 
p.s.p.s were below its threshold (C). The early peak contained a large com- 
ponent of current charging the capacity of the caudal membrane since it 
preceded the maximum potential recorded across this membrane (Freygang, 
1958; Freygang and Frank, 1959). Also when the conductance increase was 
activated just before a neural response was evoked (D) there was only a single 
peak. In this situation the cell time constant was very brief (FIGURE 5), and 
the transmembrane and externally recorded responses had the same time course. 
The peak of the external response was slightly later than when the conductance 
increase had not been activated. The amplitudes of the transmembrane re- 
sponses were greatly reduced, but that across the uninnervated face more so. 
Correspondingly the external voltage was increased. The latter part of the 
responses in D coincided, since the conductance increase was activated in both 
instances. 

The capacitative current did not produce any diphasicity in the external 
potential (B). The criterion for a monophasic voltage applied across the 
inactive membrane to produce a diphasic current through it is that the voltage 
should decrease more-rapidly than the inactive membrane time constant (Frey- 
gang and Frank, 1959). If the two faces had the same time constant there 
would be no diphasicity for small p.s.p.s, since they decay at a rate as slow as 
or slower than the membrane time constant. Activation of the conductance 
increase would reduce the uninnervated membrane’s time constant as much as 
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or more than it reduced that of the innervated membrane (FIGURE 7), and 
again no diphasicity would be expected. 

Demonstration of the properties of p.s.p.s, for example, their gradation and 
reversal by applied currents, may be difficult in cells where there are electrically 
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Ficure 8. Effect of the conductance increase on neural responses. XK. erinacea. Record- 
ing and stimulating as in diagram except that nerve stimulating electrodes are omitted. 
Upper trace: intracellular stimulating current. Second trace: potential across innervated 
face (V;). Third trace: potential across uninnervated face (V2). Fourth trace: potential 
across cell, caudal positivity up (V3). A large neurally evoked response produced a cancel 
positive external potential that had two peaks (A). The second peak was blocked when the 
conductance increase was prevented by hyperpolarization (B) that also prolonged and in- 
creased the height of the response. Small neurally evoked responses that did not activate 
the conductance increase also produced external potentials with a single peak (C, superimposed 
traces of large and small responses). When a neurally evoked response was preceded by ac- 
tivation of the,conductance increase, the potentials recorded across the faces were a non 
duced, but that across the uninnervated more so, and the external potential was a ore 
enlarged (D, superimposed responses with and without applied depolarizing pulse). e€ ie 
time constant was greatly reduced so that all the potentials had the same oe ae a 
peak of the external potential occurred later when the conductance increase had been acti- 


vated. 
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excitable responses, and in Raja electroplaques the conductance increase was a 
complicating factor. While the p.s.p.s showed increase on hyperpolarization 
with intracellularly applied currents (FIGURE 8B), it was difficult to obtain 
reversal because of the conductance increase. However, utilizing the larger 
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FicurE 9. Gradation and reversal of the p.s.p. by applied currents. R. eri 
trace: externally applied polarizing current as yeaa Lower trace: Soteneel difteon 
tially recorded across the innervated face. Nerve stimulation by closely applied wire elec- 
trodes. A neurally evoked response (A) was augmented and slowed by currents inward 
through the innervated face (B, C). Outward currents reduced and reversed the response 
(D to F). The reversal potential was about 70 mv. There was considerable conductance 


increase in the innervated face (cf. FIGURE 7 d i i 
ee weutvine botecual ), and the response height was not linearly related 


currents that may be passed through an external polarizing electrode, it was 
possible to do so (FIGURE 9). Depolarization reduced the response height and 
then reversed it (D to F). The value of the reversal potential in this experi- 
ment was about 70 mv positive to the resting potential, that is, about zero 
membrane potential. The response height was not linearly related to the 
membrane potential or to the polarizing current, which was probably due to the 
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conductance changes that occurred even in the absence of the p-s.p. In this 
cell the magnitude of the conductance increase in the innervated face was 
large. Hyperpolarization of this face augmented the p.s.p. (B and C) and 
prolonged it since the conductance increase was prevented. 

Neural responses in trains showed changes similar to those recorded in 
FIGURE 8D. The external voltage produced by the first neural response in a 
train had 2 peaks (FIGURE 104A, trains of 1, 2, and 3 responses superimposed), 
but the later responses had only 1 peak and were increased in size. The po- 
tential across the uninnervated face was correspondingly decreased more than 
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Ficure 10. Trains of neurally evoked responses. R. erinacea. Recording as in dia- 
gram; nerve-stimulating electrodes omitted. A: superimposed trains of responses to one, 
two, and three stimuli at ca. 170/sec. B: a longer train. The first externally recorded re- 
sponse in a train had two peaks. Later responses had only one peak, and summed with 
earlier responses. In a long train the potential across the innervated face approached the 


reversal potential for the p.s.p.s, and the additional potentials contributed by the later p.s.p.s 
were smaller. 


that across the innervated face. In A the third response was not appreciably 
increased in size over the second, but its peak was higher since it summed with 
the preceding activity. In longer trains the summation was very pronounced, 
and the response across the innervated face must have been close to the reversal 
potential for the p.s.p.s. Correspondingly, later p.s.p.s each contributed less 
additional potential. The external voltage reached 25 mv (B). 
Measurements on segments of organ. The validity of measurements on single 
cells may be checked using segments of electric organ involving large numbers 
of cells. This approach is particularly important when, as in Raja, there is 
variability among the cells. Also, new information may often be gained be- 
cause of technical simplification. Electric organs are particularly suitable for 
study en masse because of their ordered arrangement (Albe-Fessard, 1951; 


472 Annals New York Academy of Sciences 


Albe-Fessard ef al., 1951; Altamirano ef al., 1953; Bennett and Grundfest, 
1961a; and Bennett ef al., 1961). However, the analysis using intracellular 
recording may well be necessary to interpret the potentials produced by the 
tissue as a whole. 

An experiment with a piece of electric organ involving about 90 elements in 
series and 8 in parallel is shown in FIGURE 11. This tissue was placed in the 
bridge circuit described above under Metuops. A brief pulse evoked a neural 
response that, as in FIGURE 8A, had 2 peaks. The A. C. bridge imbalance had 
an initial peak slightly later than the first potential peak, then fell a little, then 
increased again, and lasted over 100 msec. (FIGURE 16B). The long-lasting 
imbalance must have been due to the conductance increase. Further informa- 
tion was gained by superimposing polarizing pulses on the neural response 
(ricuRE 11B to F). Pulses such as to hyperpolarize the uninnervated 
membrane and depolarize the innervated had several effects. The neural 
response was first decreased in amplitude and then reversed. As it decreased, 
the second peak was reduced and finally disappeared and, simultaneously, the 
long-lasting imbalance was greatly reduced. The simultaneous loss of the 
second peak and of the long-lasting imbalance with this direction of polarizing 
current indicates that the conductance increase did indeed predominate in the 
uninnervated face of most cells. Both the hyperpolarization of the uninner- 
vated face and the reduction of the p.s.p. height would reduce activation of 
the conductance increase in the uninnervated face, but the pulse alone should 
produce it if it occurred in the innervated face. 

Currents in the opposite direction augmented the response height, but did 
not greatly affect the bridge imbalance (Ff). With this direction of current the 
pulse itself should produce the long-lasting imbalance even if there were no 
neural response. 

When a response was evoked during the long-lasting imbalance produced by 
a preceding response, that is, during the conductance increase, it had no second 
peak (G; cf. riGuRE 10). Block of the conductance increase due to the first 
response by polarizing as in D caused a second peak to appear in the following 
response that then produced a long-lasting imbalance (H). 

The initial peak of bridge imbalance was only slightly reduced by the polariz- 
ing currents in A to E, although the evoked potential became larger, smaller, 
or reversed. This finding indicates that the conductance change associated 
with the p.s.p. was independent of the membrane potential. The small changes 
that did occur were probably due to block of impulses in the nerves or to early 
activation of the conductance increase. The additional imbalance produced 
by a second response was about equal to the early imbalance (G and H). How- 
ever, since the two conductance changes were occuring in different membranes, 
strict additivity of the bridge imbalance would not necessarily be expected. 

Tonic environment and the conductance increase. Because of the similarity of 
the conductance increase to delayed rectification in other tissues, it is of interest 
to investigate the effect of changing the ionic environment. As noted earlier, 
the conductance increase is unlike delayed rectification in muscle in that it is 
associated with a depolarization rather than a hyperpolarization. Replace- 
ment of external Nat by choline had no effect, and removal of external K+ 
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20 msec. 


FicureE 11. Response of a segment of electric organ and impedance changes. R. erinacea 
Bridge circuit is described under the heading Mrtuops. The preparation contained about 
90 electroplaques in series, and 8 columns in parallel. Upper trace: direct display of bridge 
output. Lower trace: bridge output after filtering out low frequencies and further amplifica- 
tion. Frequency and amplitude of A. C. input, 10 kc. and 0.35v. The response to a brief 
stimulus had 2 peaks like the neurally evoked response of single cells. The resulting A. C. 
imbalance had an initial peak slightly later than the first potential peak and then a slowly 
developing imbalance that long outlasted the potential change. When polarizing pulses of 
increasing strength were passed during the neurally evoked response in order to hyperpolarize 
the uninnervated faces and depolarize the innervated, the response was decreased in ampli- 
tude, lost its second peak, and finally became inverted (B to £). Concomitantly the long- 
lasting imbalance was greatly decreased, but the initial imbalance was only slightly changed. 
Oppositely directed currents increased the response height without greatly changing its form 
or the resulting bridge imbalance (fF). When a response was evoked during the long-lasting 
imbalance produced by an earlier response, it had only a single peak (G). When polarization 
was applied during the first response to prevent the long-lasting bridge imbalance, the second 
response had 2 peaks and was itself followed by a long-lasting imbalance (1). 
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caused only a small hyperpolarization. However, when Cl- was replaced by 
acetate, there was an increase in the resting resistance and a marked augmenta- 
tion of the depolarization associated with the conductance increase. The 
depolarization became greater than the threshold for activating the conduct- 
ance increase and, consequently, the response was regenerative. When near- 
threshold pulses were given, graded subthreshold responses might be seen, or 
the response might continue to rise following the pulse up to a value 20 to 40 
mv positive to the resting potential (FIGURE 12). Corresponding to the slower 
development of the conductance increase near threshold (FIGURE 5), the rising 
phase was slow, requiring 20 to 30 msec. for threshold pulses. The response 
lasted several seconds (C to £), the conductance remaining high throughout 
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FicurE 12. All-or-none responses produced by the conductance increase when Cl- was 
replaced by acetate. R. erinacea. Upper trace: intracellular potentials. Lower trace: 
polarizing current. A, B, same cell; C to F, from different cells. Just suprathreshold pulses 
evoked a response that continued to rise following cessation of the pulse to a value 20 to 40 
mv positive to the resting potential (A, B). The response could last several seconds (C to 
E) with some slow fall-off and then a relatively rapid return to near the base line followed 
Pe si further Se eee ES The conductance was high throughout the response (4). 

response could be shortene sufficiently large hype izi i 
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(E). The relative refractory period was much longer, particularly when meas- 
ured by decrease in duration (Cohen ef al., 1961). 

It seems most probable that the conductance increase had been converted 
into a depolarizing response rather than that the depolarization represented an 
additional response of the cell. If so, there would be no response component 
analogous to delayed rectification to terminate the action potential, once it 
was initiated. The falling phase would therefore necessarily have been due 
toa turning off of the conductance increase. Initially the turning off probably 
involved inactivation, since there was marked refractoriness following a re- 
sponse. However, the falling phase would have become regenerative when the 
potential fell below threshold for the conductance increase. In spite of regen- 
eration, the rate of fall was quite slow. The turning off required several hun- 
dred msec. near the resting potential in the normal preparation (FIGURE 6), 
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and probably a similar time in acetate since the subthreshold responses were 
about this long. 

The preceding argument may be extended to predict premature termination 
or abolition of the response by hyperpolarizing currents (Fitzhugh, 1960; 
Huxley, 1959; and Tasaki, 1956). If during a response the potential were 
lowered to below the threshold, the conductance would return to normal 
more rapidly than if the cell remained depolarized. A stimulus that lowered 
_ the membrane potential to near the resting level for sufficiently long did cause 
the response to be terminated (D). 
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Ficure 13. Neurally evoked responses of disc-type electroplaques. R. eglantaria. Re- 
cording as in diagrams except that nerve-stimulating electrodes are omitted. A, monopolar 
recordings; B, differential recordings. The responses had slower falling phases than those 
of cup-type cells. The external potentials had nearly the same time course as the intra- 
cellular potentials and were larger than those from cup electroplaques. 


The only obvious ionic flow that would result in depolarization when acetate 
replaces Cl” is Cl” leaving the cell. However, the response is maintained for 
at least 48 hr. in Cl--free solution. Direct analyses will be required to show 
whether adequate Cl” remains to account for the large conductance during the 
response. Possibly some other internal anion may be involved. 

Responses of disc-type electroplaques to neural and direct stimulation. The 
responses of disc-type electroplaques were simpler than those of the cup-type 
cells in that there was less of the conductance increase. The anatomical cor- 
relation of inactivity of a face with relatively increased surface area was thus 
confirmed although there was, as in the cup-type, considerable variation from 
cell to cell. Typical neurally evoked responses of discs are shown in FIGURE 
13, recorded monopolarly and differentially. These responses were in several 
aspects distinctly different from those of the cups.. Most obviously the ex- 
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ternally recorded responses were larger and had but a single peak (B, Vs). The 
falling phase of the response recorded both intra- and extracellularly was much 
slower, and the extracellular records had nearly the same time course as the 
intracellular ones. These differences suggest that discs differ from cups In 
that there is less conductance increase produced by depolarization, in having a 
lower resistance uninnervated surface, and in having a briefer time constant. 

The resting resistance of the uninnervated face must have been lower, since 
the resistance in the extracellular current paths around the cells would be about 
the same in cup and disc types, and a larger portion of the potential generated 
in the innervated face appeared across the extracellular resistance (FIGURE 
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Ficure 14. Intracellular stimulation of disc-type electroplaques. R. laevis. Upper 
trace: polarizing current. Lower trace: intracellular potential. Neurally evoked responses 
were elicited in D to F by external electrodes. The response to depolarizing current showed 
only a little fall-off during the pulse (A). The time constant was brief, as shown by hyper- 
polarizing pulses (B). Following a large depolarizing pulse, a testing pulse and a neurally 
evoked response were only slightly reduced (C, D, superimposed traces with and without 
initial depolarizing pulse). A large, neurally evoked response only slightly reduced the am- 
plitude of a succeeding depolarizing pulse (/, with and without neural response). A neurally 
evoked response evoked during the initial peak of a large depolarization reduced its height, 
indicating that the depolarization exceeded the reversal potential for the p.s.p. (Z, with and 
without neural response). 


13B). The other differences were directly demonstrated with intracellular 
stimulation. There was less fall-off from the initial peak during a large de- 
polarizing pulse (FIGURE 144; cf. FIGURE 4), and the reduction in a subsequent 
test pulse or neural response was also smaller (C, D and F). The p.s.p. was 
inverted when it was superimposed on the initial peak of a depolarizing pulse 
(E£). Some discs had even less conductance increase than the cell illustrated 
in FIGURE 14. The time constant was briefer than in cups (B, the slow rise 
during depolarization was partly due to slow rise of the current pulse). 

The limited conductance increase that occurs in discs is predominantly in the 
uninnervated face and, during a train of neural responses, the external potential 
was augmented as in cups (FIGURE 154 to C). Summation was also present, 
but usually to a smaller extent than in cups, since the initial responses were 
larger. In some cells there was little alteration of the response indicating the 
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absence of much conductance increase (D). Probably the conductance change 
producing the initial p.s.p. in a train was larger in discs, since there appeared 
to be less reduction in response due to loading of the generating membrane. 
However, during a train the additional summation in cups would make the 
responses about equal (FIGURE 10B). 
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Ficure 15. Trains of neurally evoked responses. R. eglantaria. Recording and stimu- 
lating as in Ficure 10. A to C: trains of stimuli to one cell of increasing frequency. D, 
another cell. The conductance increase developed slowly and the potential recorded across 
the uninnervated face decreased while that across the innervated face showed little change 
in amplitude (A to C). Correspondingly the external potential increased. There was little 
conductance increase in the cell of D, and the external potential showed little change in am- 
plitude during the train. The potentials across the innervated face were large and probably 
near the reversal potential. They showed little augmentation in height during the train, 
but the falling phase was slowed, probably due to summation (C, D). 


Comparison of segments of organ containing cup- and disc-type cells. The 
relative magnitude of the conductance increase was also tested by measuring 
A.C. impedance of segments of electric organ. In FIGURE 16, responses of 
organ segments containing cup- or disc-type cells in approximately equal 
number in series were recorded with the A.C. imbalance they produced. As 
in single cells, the external response of the cup-type was smaller, and it was 
followed by a larger longer-lasting impedance change. The initial imbalance, 
at the same gain in A to D, was larger in the disc type, and the long-lasting 
imbalance was only a small fraction of the initial imbalance (£). 
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Discussion 


Electrically inexcitable and electrically excitable response components. The 
p.s.p.s in Raja electroplaques exhibit most of the properties known of p.s.p.s 
in other tissues (Grundfest, 19576, 1959). Particularly they show decrease in 
size and reversal when large enough outward currents are passed through the 
generating membrane (FIGURE 9). The reversal potential was close to zero 
membrane potential as in a number of other cells where it has been determined 
for depolarizing p.s.p.s (del Castillo and Katz, 1954; Eccles, 1957; Grundfest, 
1959; and Nishi and Koketsu, 1960). The reversal was more readily demon- 
strated in segments of organ (FIGURE 11), and the early impedance change 
producing the p.s.p. was seen to be only slightly changed by the polarizing cur- 
rents. The changes that did occur may be ascribed to effects on the electrically 
excitable membranes, either through blocking of impulses in the presynaptic 
nerve fibers or through activation of the conductance increase. Independence 
from applied voltage of the p.s.p. impedance change and the potential to which 
it tends to take the cell, that is, its reversal potential, is the most rigorous 
definition of electrical inexcitability. Conceivably these aspects of the p.s.p. 
might be changed by applied fields although the p.s.p. could not be evoked by 
the fields themselves. These effects would be electrically excitable and prob- 
ably do occur if sufficiently strong fields are applied. Mechanisms could be 
similar to the reduction in resistance that occurs with strong hyperpolarizing 
currents (Bennett e¢ al., 1959b; Hodgkin, 1947a; and Ito, 1957), or could in- 
volve ionophoresis of transmitters (Eccles, 1957). 

The constancy of the impedance change producing the p.s.p. has not been 
carefully determined in electrically excitable cells because of the responses that 
occur to polarization in the absence of neural stimulation. In the single Raja 
electroplaque the response height was not linearly related to the voltage, imply- 
ing that the impedance change was not constant, but certainly the conductance 
increase was at least partially responsible. Although it is difficult to satisfy 
the constancy criteria in electrically excitable cells, p.s.p.s still show gradation 
and reversal during and after spikes and other electrically excitable responses 
involving conductance changes. It is therefore simpler to consider the p.s.p. 
membrane as separate from the electrically excitable membrane, and as occur- 
ring in separate patches be they even of molecular dimensions (Altamirano 
et al., 1955a). It is difficult to conceive of a patch of membrane that when 
generating a spike would in response to a chemical stimulus stop to generate a 
p-s.p. tending to take the cell to a different potential from that of the spike. 
This patch would also have to retain its chemical excitability when it was re- 
fractory to further electrical stimuli (del Castillo and Katz, 1954). The separa- 
tion of spike-generating (or conductance-increase) membrane and p.s.p.-gen- 
erating membrane would still be attractive even if the p.s.p. were not found to 
be electrically inexcitable in the precise sense. 

The conceptual basis for electrical inexcitability of p.s.p.-generating mem- 
brane in electrically excitable cells is quite similar to the Hodgkin and Huxley 
(19526) suggestion separating areas in axonal membrane responsible for sodium 
and potassium permeabilities. The work of these investigators provides no 
direct evidence that a single region might not be permeable to both sodium and 
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potassium and might change with the potential and ionic environment in such 
a way as to give the observed conductivities. Indeed they state, ‘an alterna- 
tive hypothesis (to separate sodium and potassium systems) is that only one 
system is present but that its selectivity changes soon after the membrane is 
depolarized.” However they note that “this hypothesis cannot be applied in 
simple form since potassium conductance rises too slowly for a direct conversion 
from a state of sodium permeability to one of potassium permeability.” 
(Hodgkin and Huxley, 19528, p. 503.) 

Additional indications of the separation of p.s.p. and spike-generating mem- 
brane are the existence in certain cells of regions that generate p.s.p.s but not 
spikes, while other regions do generate spikes (Werman, 1960; Hagiwara et al., 
1959), and the existence of some electroplaques that produce p.s.p.s but are 
completely electrically inexcitable (Bennett and Grundfest, 1961@ and 3}; 
Bennett ef al., 1961). In the cited work on the latter cells the impedance 
changes during polarization were not measured. However in columns of T. 
nobiliana organ and Narcine accessory organ the response height-polarizing 
current relation is linear up to and beyond the point of reversal. The linearity 
implies a constant impedance change. 

The existence of a reversal potential is strong evidence for chemical trans- 
mission, given as the only alternative that postjunctional potentials are gen- 
erated by electrically excitable prejunctional elements. Reversal would re- 
quire that the polarization spreading into the prejunctional element from the 
postjunctional should exceed the reversal potential of the prejunctional re- 
sponse. Conceivably such reversal could be obtained, since the reversal po- 
tential of the spike peak can be demonstrated in some isolated electrically 
excitable cells (Altamirano, 1955; Hodgkin and Huxley, 1952a). However, 
excitation would probably spread throughout the prejunctional cell, reversal 
could be obtained only at the beginning of a pulse since otherwise the prejunc- 
tional structure would be refractory and, depending on the coupling resist- 
ance between the pre- and postjunctional structure, particularly if it were 
een (Furshpan and Potter, 1959), the reversal potential would be very 
arge. 

It should be noted that postjunctional potentials of electrotonic junctions 
(or “ephapses”; Grundfest, 1959) should show over a short range a constant 
impedance change and gradation of response height, that is, appear electrically 
inexcitable. These relations would hold as long as the polarization spreading 
into the prejunctional structure did not affect invasion of the prejunctional 
impulse into it. However, if the coupling were not close, the impedance change 
would be small, and the apparent value of the reversal potential obtained by 
extrapolation would be large (Watanabe ef al., 1960). 

Absence of reversal potential is not conclusive evidence against chemical 
transmission. If a transmitter changed the voltage of a membrane without 
changing its impedance, then no reversal could be demonstrated. A possible 
example of this kind of response is the secretory potential of the salivary gland 
(Lundberg, 1958). There is of course pharmacological evidence for chemical 
transmission in electroplaques (Altamirano ef a/., 19556; Bennett and Grund- 
fest, 19616; Bennett ef al., 1961; Couteaux and Szabo, 1959; Feldberg and 
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Fessard, 1942; and Szabo, 1961a). For example Raja electroplaques are de- 
polarized by acetylcholine ionophoretically applied to the innervated face, and 
the neurally evoked response is blocked by curare and prolonged by prostig- 
mine and eserine (B. Cohen, M. V. L. Bennett and H. Grundfest, unpublished 
data; Brock and Eccles, 1958). 

The electrically excitable component of the Raja electroplaque response, that 
is, the conductance increase on depolarization, appears homologous to delayed 
_ Tectification in nerve and muscle. The increase is similar to that of the frog 
slow-muscle fibers (Burke and Ginsborg, 1956) and of twitch fibers (Jenerick, 
1959) or squid nerve (Hodgkin and Huxley, 1952a) when external sodium 
is replaced by choline. The natural occurrence of the response in isolation 
tends to validate the procedure whereby it is isolated experimentally in the 
latter tissues. The rate constants in the different tissues are different and, 
what may be more significant, the response in the electroplaques is associated 
with a depolarization rather than hyperpolarization. In some nerve cells the 
associated potential also appears to be a depolarization (Bennett et al., 1959b; 
Dalton and Fitzhugh, 1960; Ito, 1957; Kao, 1960; and Kao and Grundfest, 
1957). 

The nature of the response remains obscure. The tentative identification 
with Cl” or perhaps another internal anion does not fit with the data from frog 
muscle implicating K+ (Adrian, 1956; Jenerick, 1959). It may be that the 
muscles from which the electric organs develop are different from frog muscles, 
or that the electroplaques have changed in the process of evolving. The 
tail muscles are readily studied with microelectrodes, and it should be relatively 
easy to resolve this question. 

The turning off (or inactivation) of the conductance increase, in spite of 
continued depolarization (cf. H. Grundfest, this monograph) has not been 
noted in squid nerve but may occur in motoneurons (Eccles, 1957) and in nodes 
of Ranvier (Frankenhaeuser and Waltman, 1959). The froperties of the all- 
or-none response in acetate Ringer should be somewhat different from those 
postulated for other prolonged action potentials (Fitzhugh, 1960; Noble, 1960), 
and should be investigated further. Only a single conductance change appears 
to be involved. 

Evolution of the Rajidae. In the absence of a demonstrated function the 
evolution of Rajid electric organs is an open question. Darwin (1959, p. 139) 
recognized the problem of “‘by what graduated steps (electric) organs have been 
developed in each separate group of fishes” in Rajidae, where there was no 
_ known function, and in the eel and Torpedo, where the first graduated steps 
- would have no value as weapons. The problem has been somewhat clarified 
by the demonstration of electrical guidance systems in Gymnotidae, 
Gymnarchidae, and Mormyridae (Bennett and Grundfest, 1959a; Grundfest, 
1957a; Lissmann, 1958; and Lissmann and Machin, 1958). Presumably such 
systems could develop from the small electric fields produced by muscle (but 
probably not’ by nerve), given the already fairly electrically sensitive lateral- 
line receptors (Regnart, 1931; cf. Lissmann, 1958). In every clear case, elec- 
tric organs are derived from muscle (Fritsch, 1890; Ewart, 1892; Dahlgren, 
19144 and b; and Szabo, 1960), but in others the precursors do not pass through 
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a stage closely resembling myoblasts (Keynes, 1961; Johnels, 1956). In all 
cases, however, the pharmacology is similar to that of skeletal muscle. Where 
known, the electrical receptors appear to be evolved from the lateral-line sys- 
tem (Lissmann, 1958; Bennett and Grundfest, 1959a). The involvement of 
both muscle and lateral line possibly explains the absence of electric organs 
from invertebrates. 

The hypothesis that the evolution was associated with an electrical guidance 
system is complicated by lack of evidence for any such system in four of the 
six evolutionary lines. In two of these (Astroscopidae and Malapteruridae) 
the fish are strongly electric without any sign of a low-voltage system that 
might be used for location. In Torpedinidae, Narcine has an accessory organ 
producing only small potentials on neural stimulation, but the physiological 
discharge is completely unknown (Bennett and Grundfest, 1961a). In Rajidae 
also the natural discharge requires investigation. 

In the absence of functional data on Rajidae the anatomical and electro- 
physiological findings may shed some light. Ewart (1888) in considering 
whether the organs were degenerate concluded rather that they were newly 
evolving. Histological deterioration is never observed and, in the anatomically 
simplest form, the organ develops when the fish is almost full grown. Vestigial 
organs would be expected to develop early and then, possibly, to deteriorate, 

The electrophysiological investigations show different degrees of adaptation 
in cells of a single organ, a characteristic unknown in other electric fish and, 
possibly, a primitive one or, at least, one suggestive of continuing evolution. 
The central control also appears to be the least developed in the Rajidae; 
although in other electric fish synchronization may be exceedingly precise (Ben- 
nett and Grundfest, 1959a, 1961c). 

Ewart has suggested that the cup-type cell represents an evolutionary step 
towards the disc-type. On the other hand Ishiyama (1958), in an extensive 
study of Japanese skates covering many characters in addition to those of the 
electroplaques, concluded that there were two divergent evolutionary lines. 
The present study shows that both forms of electroplaque may be more or less 
equally effective, at least after the first few responses in the fused tetanus that 
constitutes the whole discharge. In the cup-type the responses would initially 
be smaller, but these cells would have the advantage of a lower-resting flux 
across the uninnervated face. Possibly speed of response is sacrificed to lower 
resting energy consumption. Before this argument can have much validity, 
the energy consumption of the two types of organs should be measured, and 
the importance to organ function of rise time of the response should be eval- 
uated. 

The fibers in the muscles from which the electroplaques develop produce 
spikes (Grundfest and Bennett, 1961), and therefore the disc-type cells may be 
considered more evolved in having lost more electrically excitable membrane. 
The presence of the conductance increase in the innervated membrane is clearly 
nonadaptive. Possibly the discs studied here do produce somewhat larger 
responses than the cups on the average, although there must be considerable 
overlap (FIGURES 10 and 15). Ewart (1892) described an intergrade between 
the cup and disc (R. fullonica) and a more primitive cup which was thick, which 
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contained more striated material even extending into the stalk, and which did 
not lie in a well-formed connective tissue chamber (R. radiata). It would be 
desirable to examine these species electrophysiologically. The variation in cells 
of a single organ in localization and magnitude of the conductance increase sug- 
gests that the anatomical intergrades may also be functional intergrades.* 

R. clavata electroplaques, which are of the disc form, were studied by Brock 

_and Eccles (1958). From their data, the uninnervated faces appear to be of 
lower resistance than in R. eglantaria and R. laevis, and the external potentials 
are larger. These cells may represent a more extreme disc type. No direct 
test for the conductance increase was made, however, and the experimental 
techniques were sufficiently different that the question should be re-examined. 
If the cells do have no conductance increase they will be electrophysiologically 
the same as those in the other families of marine electric fish. Probably one 
would be justified in considering them more advanced than the R. eglantaria 
cells, although there may be little anatomical differentiation. 

Among the more remarkable examples of convergence in electric fish is the 
absence of spike-generating membrane in all known forms of marine electro- 
plaques (Bennett ef al., 1961; Bennett and Grundfest, 1961a and 6), while 
it occurs in all known fresh-water species. Assuming equal probability of 
developing electroplaques with and without spike-generating membrane, the 
probability of segregation of types in the 3 marine and 3 fresh-water lines is 
about 0.06 (Finney, 1948). In all marine fish the muscles from which the 
organs evolve have spike-generating membrane, so that a common environ- 
mental pressure would appear to be the cause. Most attractive is the high 
_ conductivity of sea water in adaptation to which the organs of Torpedinidae 
and Astroscopus are flattened (Grundfest and Bennett, 1961). —P.s.p.-generat- 
ing membrane might be advantageous in generating higher currents per unit 
area and allowing closer packing of the organ. In fresh water higher voltage 
would be more important. In view of the small voltages generated by Narcine 
accessory organ and Raja, this argument is not strong. Perhaps it is important 
that the loading of the p.s.p.-generating membrane does not affect the con- 
ductance change producing it, and it would be possible to load the organ down 
to the theoretical maximum power point. Electrically excitable membrane 
probably could not be loaded down to this extent. However, the electric eel 
does appear to have an internal resistance independent of load (Cox e¢ al., 

1945), and this explanation is probably not valid either. 


’ GYMNOTIDAE 


Results 


The electroplaques of the Gymnotids are very diverse compared to those of 
the Rajids, and they take a number of forms with little intergrading between 
them. The simplest are those of Electrophorus in which, as noted already, one 
face is capable of generating a spike and the other is inexcitable. The electro- 

* Ewart examined a specimen with typical cups that he identified as R. eglantaria. This 
identification was probably incorrect, however, since he cited Gunther as stating that R. 


eglantaria was similar to R. circularis, while Bigelow and Schroeder (1953) state R. eglantaria 
“4s not closely paralleled... by any skate so far known from the eastern North Atlantic. 
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plaques of Hypopomus, which will be discussed here, are more complex. The 
cells are similar to those of a number of other Gymnotids and also to those of 
African electric fish (Bennett and Grundfest, 1961c; Keynes et al., 1961). Both 
faces generate spikes but, because of the different properties of the two faces, 
the spikes are out of phase and a diphasic external potential results. There is 
also a peculiarity of innervation; it occurs on a short process or stalk from the 
main part of the electroplaque. The stalk also possesses spike-generating 
membrane, and the impulse arises in it and propagates to invade the body of 
the cell. 

The electroplaques of Sternopygus, the other form to be discussed here, 
produce spikes at only one face as do those of Electrophorus. However the 
other face, when depolarized for some seconds by applied currents, changes its 
potential in the depolarizing direction. When the applied depolarization 
ceases the membrane potential gradually returns to the resting level. The 
result is that, in normal repetitive activity, pulses from firing of the innervated 
faces are opposed by a steady but smaller potential. The electroplaques have 
another unusual property: the resistance at the peak of the spike is approxi- 
mately the same as at rest. 

Anatomy. The body types of the Gymnotids are, in contrast to their elec- 
troplaques, not very variable, and the same diagram serves adequately for 
both Hypopomus and Sternopygus (FIGURE 17). In both, the electric organs 
run from the tip of the tail to the caudal margin of the head (dots). Caudal 
to the anal fin, the organs occupy most of the body cross section except for 
skin and vertebral column (FIGURE 17A). Anteriorly the organ lies just dorsal 
to the anal fin muscles, which have their origin on the overlying fascia. The 
electroplaques of Hypopomus are cylindrical or disc-shaped with their axes in the 
anterior-posterior direction. In a 15-cm. fish the cells are 300 to 500 y» in 
diameter and about 200 uw thick. In smaller fish the cells are somewhat less 
flattened (FIGURE 17B). Both faces are smooth except that from the caudal 
face there is a short stalk (S) on which the innervation (1) occurs. In the 
posterior part of the body there are 4 or 5 columns of cells on each side and the 
number of columns becomes reduced anteriorly. There is 1 electroplaque per 
column per segment and, consequently, considerable extracellular space be- 
tween electroplaques. 

The electroplaques of Sternopygus are rod- or spindle-shaped, and much 
longer than those of Hypopomus. In a 15-cm. fish they are about 1 to 2 mm. 
in the anterior-posterior direction and 200 in diameter. All are innervated 
at the caudal ends. The cells are tightly packed together, and the extracellular 
space in the organ is much smaller than in Hypopomus. The cells are not 
regularly arranged in columns, but often the rostral end of one electroplaque 
will be aligned with the caudal end of another. In these cases the extracellular 
space between them, 100 to 200 u along the body axis, is divided by a septum. 

Organ discharge of Hypopomus. The external potential produced by Hypo po- 
mus was diphasic but of opposite polarity at the 2 ends of the body when re- 
corded with respect to a distant electrode (r1GuRE 18). Pulses were emitted 
at about 5/sec. in a resting fish but, reflecting their use in a guidance system, 
the rate greatly accelerated when the fish was swimming or stimulated. Along 
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Ficure 18. Organ discharge of Hypopomus. A 16.5-cm. fish was placed in a shallow 
plastic tray, 45 cm. long by 24 cm. wide by 5 cm. deep, and held by a gauze tube lengthwise 
against the long side, midway between the surface and bottom. Three electrodes were used. 
One was fixed at the head, and one was moved at 1.5-cm. intervals along the axis of the fish; 
these 2 electrodes recorded differentially against an electrode at the mid-point of the opposite 
side of the tray. The records were therefore somewhat larger but similar in form to what 
would have been obtained by monopolar recording in a very large volume of water. The 
brief discharges occurred at about 5/sec. when the fish was unstimulated. The discharge 
at the rostral-fixed electrode triggered the oscilloscope, and was used to align the records in 
the figure obtained from the exploring electrode (positivity of this electrode up). At the tip 
of the tail (C) the potential was diphasic and initially tail negative. Moving the electrode 
farther caudally, it became smaller, but was similar in form (records above C). Moving 
rostrally along the body, the potential became triphasic and then diphasic, initially head- 


positive, at the tip of the snout (R). The potential remained diphasic but decreased as the 
electrode was farther advanced (records below R). 


—— 
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the middle of the fish the discharges were triphasic, probably due to addition 
of asynchronous diphasic potentials, since all the electroplaques are oriented 
in the same direction and, as will be seen below, the single cells produce diphasic 
potentials. 

Responses of Hypopomus electroplaques to direct stimulation. The response to 
intracellular applied depolarizing current is shown in FIGURE 19A, recorded 
monopolarly inside the cell and external to the two faces. The external po- 

aa were equal but opposite, indicating the longitudinal orientation of the 
cell. 

The initial negativity at the caudal (stalk or innervated) face indicates that 
this face had a lower threshold or a more rapidly rising spike. The ensuing 
much larger negativity at the rostral face indicates that this face also fired, 
ahd that its spike was longer-lasting or larger than that of the caudal face. 
These characteristics appear more clearly in differential recording (FIGURE 
19B) where the spikes may be seen more or less separated, although the activity 
of each face produced some voltage drop across the opposite one. The dif- 
ferential recording between the external electrodes (V3), rostral positivity up, 
was twice the size of the monopolar external records, since these were equal but 
opposite. The spike of the caudal face rose more rapidly than that of the 

rostral face and consequently there was rostral positivity externally. The 
caudal spike rapidly subsided, however, while the rostral spike lasted two to 
three times as long. During this phase there was rostral negativity in the 
external record. The negativity was large compared to the potential across the 
caudal face, suggesting increased conductance of the membrane following its 
spike. The increase would augment the external current produced by the 
rostral spike. At rest, the two faces had roughly equal resistances (FIGURE 
20). 

Further characterization of the activity of the two faces was obtained by 
stimulation with currents running along the cell axis (FIGURE 20; cf. FIGURE 7). 
When an anode was placed externally to the caudal face, this face was hyper- 
polarized, and the rostral face was depolarized (A). The rostral face was 
excited first, and there was rostral negativity initially in the external record. 
This activity then excited the brief discharge of the caudal face and there was 
a brief rostral positivity externally. The rostral spike outlasted the caudal 
spike, and the external record became rostral-negative again. 

Oppositely directed currents tended to depolarize the caudal face and hyper- 
polarize the rostral. When the current was strong enough, the rostral face 
was so hyperpolarized that it was not excited by the caudal spike (B). Then 
the caudal spike was smooth and of short duration without the small longer 
phase asin A. Thus this phase was due to IR drop from activity of the rostral 
face. In B the IR drop produced by the stimulus was smaller following the 
spike, again indicating an increased conductance. In most cells stimuli thresh- 
old for the caudal face blocked excitation of the rostral face. In these cases 
excitation of the rostral face could be brought about by a little intracellular 
depolarization, itself subthreshold, but which summed with the caudal spike. 

The external record in FIGURE 20B is diphasic. The small negative second 
phase might have been due to discharge of the capacity of. the rostral face, 
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when the caudal spike subsided (Freygang, 1958; Freygang and Frank, 1959). 
Alternatively it might have been due to a subthreshold response, since the 
rostral face can produce a spike. These two possibilities are readily distin- 
guished in the electroplaque. Not only was the time constant too brief to give 
the observed diphasicity, but the negative phase was blocked by stronger stimuli 
that further hyperpolarized the rostral membrane. 

Activation of only the spike of the rostral face analogous to FIGURE 20B could 
not be obtained by the strongest available anodal currents. However by 
similar stimulation in the refractory period there was no difficulty in obtaining 
the rostral spike in isolation. This spike was then seen to be as smooth in 
shape as that of the caudal face in isolation (FIGURE 20B). Thus the caudal 
activity must have been responsible for the inflections in the differential re- 
cordings of the rostral spike (FIGURES 19B and 204A). 

Neural activation. The responses of Hypopomus electroplaques to stimula- 
tion of their nerve supply differed somewhat from those to intracellularly ap- 
plied depolarization. Principally there was a larger rostral positivity ex- 
ternally indicating greater delay in firing of the rostral face (FIGURE 214 and 
B), and the potentials were thus more like the organ discharge. The difference 
was due to the caudal face in A exciting the rostral when it was already some- 
what depolarized by the applied stimulus. The neurally activated membrane 
in the caudal face was more effective in exciting this face since the current 
flowing through it had a shorter and lower resistance path than that through 
the opposite face. As may be seen from FIGURE 20B, current generated by the 
caudal spike that flowed through the rostral face produced more potential 
drop across the extracellular material than across the rostral membrane. 

When a neurally activated cell was slightly hyperpolarized, firing of the 
rostral face was delayed and there was a still larger external rostral positivity 
(FIGURE 20C). Stronger hyperpolarization first blocked firing of the rostral 
face and the external rostral negativity it produced, and then reduced the height 
of the remaining response (D toG). In D there was little or no rostral negativ- 
ity remaining, but there must have been a subthreshold response of the rostral 
face since the potential across it was different in shape from that across the 
caudal face in contrast to H toG. Thus a membrane may be active although 
it is passing largely outward currents (Bennett ef al., 19596). 

The small potential remaining (E to G) does not appear to have been a p.s.p. 
since it was not increased by hyperpolarization (cf. FIGURES 8 and 9; Grundfest 
19576). Also it was all-or-none with stimulus strength (£), which would ‘a6 
be expected in view of the multiple innervation (FIGURE 17). These data 
suggest that the response was mainly spike activity in the stalk that was 
initiated by p.s.p.s but failed to invade the body of the electroplaque. 

Direct demonstration of neural excitation by way of the stalk was obtained 
through simultaneous recording from the stalk and body (F1cuRE 22). Spikes 
were generated in the stalk and, during physiological discharge, they started 
earlier than the spikes in the body. Simultaneously with the peak of the spike 
across the caudal face there was a hump or second peak on the falling phase of 
the stalk spike. This phase disappeared when the body was sufficiently hyper- 
polarized to prevent invasion by the stalk impulse (B). When the body failed 
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to fire, there was a corresponding loss of positivity in the potential external to 
its caudal face. 

The duration of the stalk spike exceeded that of the caudal face, but was 
about the same as that of the rostral face. No definite evidence of p.s.p.s is 


Ficure 21. Neural activation. Hypopomus electroplaque. Stimulation and recording 
as in diagram. Upper trace: intracellular current. Middle traces (Vi and V2): potentials 
across the two faces starting from the same level. Lower trace: external potential, rostral 
positivity up. Control response to intracellular depolarization in A. Neural stimulation in 
B produced an external potential with a larger rostral positivity. - With gradually increasing 
hyperpolarization, excitation of the rostral face was delayed (C) and blocked (D, £), as in- 
dicated by failure of rostral negativity to develop externally. A subthreshold response of 
the rostral face occurred in D, since the potential across it did not have the same time course 
as that across the caudal face. Further hyperpolarization reduced the remaining potential 
(F, G). The response was all-or-none, as was shown by carefully varying the strength of the 
neural stimulus near threshold in B and £. 
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seen in the records of FIGURE 22. However they should be revealed by hyper- 
polarization applied in the stalk or by using small neural volleys instead of the 
physiological discharge. 

Organ discharge of Sternopygus. The external potential produced by Stern- 
opygus was approximately sinusoidal. Although the discharge is also used in 
a guidance system, the frequency and phase were not affected by very strong 
stimuli (Bennett, 1961; cf. Grundfest, 1957a). In FIGURE 23A the discharge 


FicurE 22. Spikes in the stalk and body of the electroplaque. Hypopomus. Different 
cells in A and B. Recording as in diagram, normal organ discharge. Oscilloscope sweep 
triggered by potential recorded in the stalk. The spike in the stalk started before that in 
the body and was longer in duration than that recorded across the caudal face. It had an 
inflection on the falling phase simultaneously with the peak of the caudal spike and which 
disappeared when invasion of the body was blocked by hyperpolarization (superimposed 
traces in B). When invasion failed there was a corresponding loss of caudal negativity in 


the external record. The remaining external potential was mainly due to the discharge of 
other electroplaques. 


is shown as recorded along a portion of the tail, rostral positivity upward, and 
zero level given by the horizontal line. The rostral end was positive about 
one half the time and negative about one half the time. The head-negative 
phase had a somewhat flattened maximum. The section of the spinal cord 
above the recording site caused an immediate cessation of pulses. However 
a head-negative potential remained that decayed over a minute or two. 

The inactive organ could be stimulated by shocks to the spinal cord or by 
current pulses along the organ tending to depolarize the caudal faces. In 
FIGURE 23B the segment of tail from which recordings were being made was 
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stimulated by separate electrodes. Brief D.C. pulses were passed through a 
condenser so there was no D.C. component in the stimulus. The monophasic 
response of the organ appeared superimposed on the diphasic stimulating pulse. 
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Figure 23. Organ discharge of Sternopygus, effect of spinal section and repetitive stimu- 
lation. Potential recorded differentially along caudal portion of tail, rostral positivity up, 
zero level indicated by horizontal line and base-line traces. Two preparations. A, two com- 
plete normal discharge cycles are shown on the left. The potential was head-positive and 
head-negative for approximately equal times. ‘There was a small inflection during the transi- 
tion from head negativity to positivity. The head-negative phase had a somewhat flattened 
maximum. Spinal section abolished the pulses but a head-negative potential about equal 
to that during regular organ discharge remained (lower line at time O). This potential de- 
cayed over approximately 2 min. (right). B, stimulation of organ inactivated by spinal sec- 
tion. Separate stimulating and recording electrodes, head positivity up. Brief pulses were 
passed through a condenser to give diphasic stimuli with no direct current component. The 
pulse was oriented so that the initial brief phase excited the innervated faces. Their response 
appeared superimposed on the slow opposite phase (/e/t). Repetitive stimulation at 50/sec. 
for 15 sec. developed a head-negative potential that on cessation of stimulation decayed over 
15 to 20 sec. (right). Reproduced by permission of Elsevier, Amsterdam, Holland. 


Repetitive stimulation at 50/sec. caused a gradual restoration of the steady 
head-negative potential on which were superimposed the pulse responses. 
When stimulation was stopped, the head-negative potential decreased to zero 
again over about 20 sec. (FIGURE 23B, right). This cycle of restoration and 
disappearance of the head-negative potential could be repeated many times. 
These results indicate that the organ discharge of Sternopygis consisted of 2 
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components; head-positive pulses superimposed on a steady head-negative 
potential. / 

Response of single cells. Microelectrode penetration of single electroplaques 
showed that each cell produced a spike during each pulse of the organ discharge. 
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Ficure 24. Restriction of spike-generating membrane to the caudal end of the electro- 
plaques. Sternopygus. Normal organ discharge. Two intracellular electrodes were used 
800 » apart. To minimize pickup from other cells, recording was differential against a 
closely applied external electrode. During normal discharge the caudal electrode (A, upper 
trace) recorded a larger spike and resting potential (dotted line) than did the rostral electrode 
(A, lower trace and dotted line). When stimulating through the caudal electrode (B;) a larger 
current was required to excite the cell than when stimulating through the rostral electrode 
(C, , both near threshold pulses). The p.s.p. was inverted when it occurred near the peak 
of the spike in B,. A larger current had to be passed through the rostral electrode to affect 
the ep hart gat discharge (Bz, near threshold) while a smaller current through the caudal 


electrode (Cz) was adequate to block the spike, the p.s.p. and some subthreshold response 
remaining. 


The spikes were about as long-lasting as the time between spikes, and were 
identical in form to the pulses of the organ discharge (FIGURE 24). At the 
caudal end of the cells the spikes were usually overshooting and always larger 
than at the rostral end. During most of a spike the potential at the caudal 
end was positive to that at the rostral and, consequently, current would flow 
to make the head of the fish positive. The potential between spikes was more 
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negative at the caudal end of the cell, and between spikes current would flow 
to make the head of the fish more negative. Thus it appears that each cell 
generated both components of the organ discharge. 

The membrane generating spikes is probably restricted to the caudal end of 
the cells. Not only was the spike much smaller at the rostral end but, witha 
polarizing electrode at this end, the currents required to excite the cell and to 
block the physiological discharge were both larger (FIGURE 24). The firing 
levels for direct and neural stimulation were approximately equal only at 
the caudal part of the cell. Polarizing more rostrally the cell had to be more 
depolarized to elicit a spike and more hyperpolarized to block a neurally 
evoked spike. P-s.p.s produced at the site of innervation decremented down 
the cell at the same rate as the spike (FIGURE 26). 

Each cell discharge was initiated by a separate p.s.p. When a spike was 
directly evoked just before a neural response would have occurred, the p.s.p. 
was inverted on the spike peak (FIGURE 24B;). 

In organs that were inactive due to spinal section the electroplaques had 
the same resting potentials at both ends. Repetitive stimulation caused a 
depolarization to develop that was greater at the rostral end of the cell (F1c- 
URE 25). This depolarization built up and decayed at about the same rate as 
the head-negative potential of the whole organ. Net current through the 
stimulating electrode was not necessary to produce the slow depolarization 
since it was not prevented by hyperpolarizing pulses given between spikes and 
equal in amplitude to the depolarizing stimulus. There was little resistance 
change during the slow depolarization. 

As is implied by the smaller resting potential at the rostral ends of physio- 
logically discharging cells, slow depolarization greater at this end was also 
produced by neural discharges. When the normal discharge (A) of the cell 
of FIGURE 26 was blocked for some seconds by repetitive hyperpolarizing pulses, 
the slow depolarization was reduced until both ends of the cell had the same 
somewhat larger resting potential (B). The p.s.p.s were then mostly below 
the firing level of the cell. A small number of the p.s.p.s did manage to fire 
the cell, however, and the fraction gradually increased until the cell returned 
to the condition in A. Probably the slow depolarization summed with the 
p.s.p.s to fire the cell, and the initial few discharges when the cell was as in B 
caused some depolarization that aided in the production of further discharges. 

The extent of membrane generating the slow depolarization was not deter- 
mined. Considering the decrement moving caudally along the cell, it is prob- 
ably restricted to the more rostral part. 

Resistance during spikes. A surprising finding was that the resistance at 
the peak of the spike was slightly greater than at rest or between spikes during 
normal discharge. One kind of evidence is shown in FIGURE 27. Brief pulses 
(2 msec.) were applied between spikes (D) and superimposed on the peaks of 
the spikes (B and C). The graphs show the displacement of voltage at the 
end of the pulse plotted against the current. Between spikes the slope for 
hyperpolarizing currents was linear for the range of pulses used,.- The time 
constant was very short compared to the pulse length (Z). For depolarizing 
currents, the slope rapidly increased indicating subthreshold response, and 
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finaliy there was firing. For pulses at the peak of the spike the converse pic- 
ture was obtained. For outward currents the slope was approximately linear, 
but it increased with the strength of inward currents. It is clear from the 
records that the response was being prematurely terminated by the inward 
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FicurE 25, Development and decay of slow depolarization produced by repetitive direct 
stimulation of a single cell. Sternopygus. Organ inactivated by spinal section. Three 
electrodes were used as in diagram. Brief pulses adequate to excite the cell were applied at 
1/sec. and 50/sec. Sample records are shown above graph with the connecting lines to the 
latter indicating when they were taken. Upper traces: caudal potential and base line. 
Lower traces: rostral potential and stimulating current serving also as base line. Graph: 
data of complete experiment, resting potentials at the beginning taken as 0. Resting po- 
tentials determined at the end of the experiment were 64 mv at the rostral electrode, and 67 
mv at the caudal electrode. Repetitive stimulation at 50/sec. caused a steady level of de- 
polarization to develop, which was greater at the rostral end of the cell. On return to stimu- 
lation at 1/sec. the depolarization subsided in about 20 sec. 


currents (FIGURE 16C). Larger pulses could completely abolish the spike. 
Actually outward currents produced some prolongation of the response (B) so 
that the slope for these currents may be slightly too large. The true resistance 
is probably given more accurately by the slope of the last four points, for all of 
which the potential appeared to be constant during the later part of the pulse. 
Resistance measurements obtained during, before, and after directly evoked 
spikes gave similar results. 
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Several criticisms may be made of this kind of experiment. The cells are 
not isopotential, and perhaps the spike was being generated too far from the 
electrodes to“measure any conductance change. The objection does not ap- 
pear valid, however, since the spike was large (85 mv in FIGURE 27). If the 
hypothetical generating membrane had a reversal potential of even 150 mv, a 
halving of resistance should have been detected. Also the recording electrode 
tmust have been close to the generating membrane since the firing level was 
the same as that at which the p.s.p.s initiated the spikes (D and E). Place- 
ment of the current electrode at some distance from the recording electrode 
should not have affected the sensitivity of the resistance measurement, as will 
be discussed more fully in another publication. Indeed if the spike-generating 
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Ficure 26. Slow depolarization as a result of neural activation. Sternopygus. Two 
intracellular recording electrodes were used, one 700 yw rostral to the other. Both recorded 
differentially against a closely applied external electrode to minimize pickup from other cells. 
The second trace gives the potential at the caudal electrode with the upper trace as its zero 
level. The fourth trace gives the potential at the rostral electrode with the third trace show- 
ing its zero level. When the cell was firing regularly, as in A, the spikes and the potential 
between spikes were greater at the caudal end. Repeated hyperpolarizing pulses were passed 
through a third intracellular electrode in order to block the spikes and, after some seconds, 
the records became asin B. The resting potential was equal at the two ends of the cell and 
only p.s.p.s were produced, which were larger at the caudal end. 


membrane extended to between the recording and polarizing electrodes the 
sensitivity should have been increased. Finally, a change in resistance was 
detected, but in the direction of increased resistance at the peak of the spike. 

Further evidence on the resistance changes during activity was obtained 
measuring A.C. impedance of a length of the intact fish. To maximize sensi- 
tivity only a small caudal portion of the tail was used where there was a mini- 
mum of tissue other than the electric organ. 

It was found that the bridge might simultaneously be very near balanced for 
the peaks of the spikes and for the periods between spikes (FIGURE 284A). 
However on the rising and falling phases there appeared large imbalances, 
always somewhat larger on the falling phase. When the bridge was balanced 
for the falling phase (B), the bridge was slightly more imbalanced at the spike 
peaks than between spikes, but approached balance during the rising phase. 
If the bridge were balanced to the rising phase (J, first organ pulse) two other 
balance points occurred near the beginning and end of the falling phase. 
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These data confirm that the impedance at the peak of the spike is close to that 
between spikes. The alternative possibility that two membrane components 
are different so that balance is obtained at both times is unlikely in view of 
data obtained with pulses in single cells. 

The direction of the impedance changes on the rising and falling phases is 
not clear from these data. Functionally a reduction in resistance would facili- 
tate the voltage changes occurring during these times. The resting time con- 
stant is short, however, and a reduction might not be necessary. 

To reveal the contribution of the p.s.p.s, current pulses hyperpolarizing the 
innervated faces sufficiently to block spike generation were passed (FIGURE 
28C and D). The hyperpolarizing pulses increased the imbalance between 
spikes in the same direction as the spike-peak imbalance differed from the 
falling-phase imbalance. An appreciable imbalance was produced by the 
p.s.p., although some of it may have been due to subthreshold response. The 
impedance change was in the same direction as that produced by the rising 
and falling phases since the bridge could be simultaneously balanced for the 
peak of the p.s.p. and the rising phase (D). If it may be assumed that the 
p.s.p. was associated with a decrease in resistance, then there was a decreased 
resistance during the rising and falling phases. A decrease in resistance during 
the p.s.p. is indicated by its inversion when it occurs on the peak of the spike 
(FIGURE 24B;). Resolution of these questions should be advanced by measur- 
ing the A. C. impedance at different frequencies (cf. Cole and Curtis, 1939). 


DISCUSSION 


Electroplaques with both faces generating spikes. The electroplaques of 
Hypopomus are in many ways similar to those of G. carapo, Malapterurus, and 
the Mormyridae (Bennett and Grundfest, 1959a; Bennett and Grundfest, 
1961c; and Keynes e¢ al., 1961). In all, both faces have about the same sur- 
face areas and both produce spikes during the discharge. In G. carapo and 
some Mormyrids the external potentials are diphasic with each phase approxi- 
mately equal. From Hypopomus through Mormyrus to Malapterurus, the 
spike of one face is progressively shorter until in the last the discharge is vir- 
tually monophasic. The different properties of the faces with the additional 
differences in the stalks where they occur provide the most dramatic examples 
of spike-generating membrane of different properties in different regions of a 
single cell (cf. Bennett et al., 19590). 

The electroplaques of G. carapo also differ from those of Hypopomus in not 
having stalks and in being innervated some on their rostral and some on 
their caudal faces. Opposite diphasic potentials are produced by the differ- 
ently innervated cells and these are so timed that a triphasic potential results. 
The other Gymnotids, Steatogenys and Gymuorhamphychthys, have electro- 
plaques similar in appearance to those of Hypopomus. Since their organ dis- 
charges are triphasic or somewhat more complicated, most of the cells are 
probably diphasically responding and, as in G. carapo, oriented in different 
directions. However in the submental filament of Steatogenys (Lowry, 1913) 
the discharges appear to be monophasic (unpublished data). 

The significance of having both membranes generate spikes cannot be the 
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same in every case since the potentials produced vary from monophasic at 
least to triphasic. All strongly electric fish produce monophasic discharges, 
and possibly direct current pulses are more effective as weapons than are poly- 
phasic pulses. In Malapterurus, which is strongly electric, the activity of 
both faces is so arranged as to result in impedance matching. At rest, the 
two membranes have about equal resistance. The rostral face produces a 
long-lasting spike during which the conductance is increased, but the caudal 
face produces only a brief spike before a conductance increase occurs similar 
to that in Raja. The brief spike in the caudal face is probably important in 
propagation of the impulse from the single central stalk across the large face 
of the cell. Perhaps also related to propagation, the conductance increase is 
much briefer than in Raja, about as long as the rostral spike, and repetitive 
impulses may be produced at over 200/sec. (cf. Keynes et al., 1961). 

Polyphasic discharges are the most common forms among fish known to 
have electrical guidance systems. In Mormyrus, however, the discharge is 
very nearly monophasic (Bennett and Grundfest, 1961c), and in Raja and in 
Narcine accessory organ, where a guidance use seems possible, the discharges 
are also monophasic (Bennett and Grundfest, 1961a). The significance of 
polyphasic discharges is unknown. Possibly their function is related to the 
operation of the guidance system. Another aspect is that most of the dis- 
charges have little D. C. component, which may be important in maintain- 
ing lonic equilibria. Probably in all forms the spike in the earlier firing face 
is followed by an increased conductance, as in Malapterurus. Where the 
earlier firing face produces appreciable external current a large fraction of it 
may flow to charge the capacity of the later-firing face. A large capacity of 
the later-firing face would increase the external current due to the first activ- 
ity. In Raja, current charging the capacity of the uninnervated face is a 
significant portion of the initial current, but no opposite phase follows as it 
does in cells where this face generates a spike. 

Electroplaques with a slow depolarization. The electroplaques of Sternopygus 
have two characteristics that are peculiar. These probably are also found in 
Eigenmannia electroplaques, which appear to operate identically to those of 
Sternopygus except that they are on a more rapid time scale, the discharge 
frequency being 250 to 500/sec. There is a steady potential in both species 
on which pulses are superimposed, and the resistance is about the same at the 
peak of spikes and between spikes. Functionally these two properties may 
be interrelated. Since the organ develops equal but opposite voltages during 
and between spikes, each phase may be equally important, and the generating 
membrane during each should have an equally low resistance. If the resist- 
ances were the same and the discharge were loaded down by an external load, 
equal currents would flow during both phases. If the resistances were differ- 
ent, there would be a direct-current component that might be disadvanta- 
geous. In fact there appears to be a balancing mechanism that decreases any 
D. C. component. In individuals where the time between spikes is longer 
relative to the spike duration, the steady head-negative level between pulses 
is smaller than in individuals where the firing is relatively more rapid. In 
repetitive direct stimulation the final level of the slow depolarization is de- 
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pendent on frequency and, in the whole organ, it is approximately the level 
that gives no net current. 

The cause of the slow depolarization is unknown as yet. One possibility 
is that current flowing rostrally through the cell accumulates K* outside the 
rostral surface, which thereby becomes depolarized. The septum between 
this surface and the next cell might be impermeable to Kt, or the abutting 
caudal face might have this property, since it has been shown in the eel that 
the caudal face is less sensitive than the rostral to K+ depolarization (Schoffen- 
iels, 1959). The hypothesis of accumulation in an extracellular chamber is 
also suggested by the close packing of the cells. The intracellular material is 
greatly increased at the expense of the extracellular when compared to G. 
carapo and Hypopomus. 

Depletion of the K+ accumulated in the extracellular chamber would cause 
decay of the slow depolarization. The loss could be due to leakage into the 
circulatory system and surrounding tissue, or due to pumping back into the 
electroplaques (cf. Hodgkin, 1951). If K* carried the current in both direc- 
tions across the rostral face and there were no other entry or leakage out of 
the space, then the concentration would remain about constant if there were 
no D. C. component in the cell discharge. Equal amounts would pass in and 
out with each organ cycle. Any net current flowing would cause accumula- 
tion or depletion until the net current flowing again became zero. If K* ac- 
cumulation causes the slow depolarization, the conductance should be increased 
during it (Hodgkin, 19476). If such a change occurs it is small. 

The mechanisms of spike generation in Sternopygus also require further in- 
vestigation. As has been suggested for the heart (Grundfest, 1957c; Hutter 
and Noble, 1960; and Noble, 1960), potassium conductance may decrease 
with depolarization, a form of K* inactivation (cf. H. Grundfest, elsewhere in 
these pages). The increased resistance could allow a sodium conductance less 
than the total resting conductance to generate an overshooting spike. In 
Sternopygus there is no indication of decrease in steady-state resistance below 
the firing level so that any decrease must occur above this value. K+ activa- 
tion or an analogous process would also occur since the conductance probably 
increases on the falling phase. By assuming suitable rate constants for sodium 
and potassium activation and inactivation, no doubt an action potential with 
the observed impedance changes could be calculated. 

Innervation on stalks. In addition to Hypopomus, innervation on stalks 
occurs in Malapterurus and in the Mormyridae in which it is the exclusive 
mode of innervation (Bennett and Grundfest, 1961c; Keynes ef al., 1961; and 
Szabo, 1958, 1961a). In the former, the stalk is single, longer than in Hypo- 
pomus, and innervated at its tip by the single nerve fiber that supplies all of 
the electroplaques on one side of the fish. In the Mormyridae there are many 
stalks coming from one surface of the electroplaque that repeatedly fuse before 
being innervated at one or at a number of sites. 

In those Mormyridae in which the spikes of the faces are of different dura- 
tion and in Malapterurus, as well as Hypopomus, the spikes in the faces oppo- 
site the stalks are the longer-lasting ones. In the Mormyridae, as in Hypopo- 
mus, the spike in the stalk is long-lasting compared to that of the stalk face, 
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but it has not been recorded in Malapterurus. The significance of the longer 
spike in the stalk is not known. It probably facilitates impulse initiation by 
the p.s.p.s and invasion of the electroplaque body by the stalk impulse; it 
may also increase conduction velocity, which is high in some Mormyrid stalks. 

In the Mormyrids, where there is a single site of innervation, the stalks syn- 
chronize the firing of the entire stalk face, which in these forms may be several 

centimeters long. They may also play a role in synchronizing the firing in 

different cells, as has been suggested for Malapterurus. In Malapterurus 
organ there is but a single innervating fiber on each side of the body, and no 
central delays are possible to compensate for conduction time. There is more 
delay when stimulating a nerve fiber branch close to a rostral portion of the 
organ than one close to a caudal portion, and the difference is just sufficient 
té6 compensate for the conduction time in the main nerve branch along the 
organ (Keynes e¢¢ al., 1961). Possibly, therefore, the stalks serve as variable 
delay lines: longer rostrally, and shorter caudally. However, stalk length and 
diameter are very variable and no consistent anatomical differences have been 
observed between rostral and caudal parts of the organ. Some Mormyrids 
have single electroplaques that produce triphasic responses; the additional 
phase is due to activity of the stalks, which are specially oriented (Bennett and 
Grundfest, 1961c). 

The stalks may represent a way of reducing transmitter, since the larger 
effective resistance of a stalk would require a smaller synaptic area to excite 
it. Conduction along the spike-generating membrane of the stalk would then 
amplify the depolarization until it was able to invade the body of the electro- 
plaque. In some muscles the synapses are located at the ends of the fibers, 
which would reduce the required synaptic membrane per synapse by doubling 
the effective resistance (Mackay ef al., 1960). Probably, however, most of 
these fibers are innervated at both ends. Whatever the functional advantages 
of stalks, they are clearly not essential, since p.s.p.s without spikes at all are 
responsible for the activity of marine electric organs, and diffuse innervation 
occurs in a number of fresh-water forms, the organs of which contain spike- 
generating membrane (Electrophorus, G. carapo, and Gymnarchus). 

Discharge frequency and duty cycle. An important aspect of spike generation 
is the ratio of recovery time to spike duration. Although in Sternopygus the 
spikes are produced at only 50/sec., the time between spikes is about equal to 
the spike duration. To use an engineering term, the “duty cycle” is about 
one half. In Eigenmannia the rate is higher but the duty cycle is the same. 

The nerve cells innervating the electroplaques and probably every synapse 
in the central control system discharge at the full organ frequency (Bennett, 
1961). There are still faster-firing Gymnotids, the Sternarchidae, which dis- 
charge constantly at frequencies that may exceed 1500/sec. While the electro- 
physiology of their electroplaques is not known in detail, both these cells and 
the controlling neurons fire at the full rate. 

In heart, the duty cycle can be quite large, but the increased conductance 
phases during the rise and fall occupy a much shorter fraction (Weidmann, 
1956). The peak frequencies in electric organs are not greatly different from 
those recorded in the mammalian central nervous system. The Renshaw cell 
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can discharge at 1400/sec. (Eccles e¢ al., 1954; Frank and Fuortes, 1956; and 
Renshaw, 1946), and neurons in the sensory path sometimes produce bursts 
at about 1000/sec. (Grundfest and Campbell, 1942; Rose and Mountcastle, 
1954). However these activities are transient. In the constantly firing elec- 
tric fish, the cells must be in a steady state since the discharge can be produced 
for years. Although the metabolic systems involved are as yet completely 
unknown, they should be extremely developed compared to those in other 
neurons (cf. Grundfest and Bennett, 1961). 

Discharge pattern and organ function. The adaptive values in the Gymno- 
tids of the different forms of discharge and repetition pattern remain obscure. 
Two groups may be defined (Grundfest, 1957a): those that emit pulses at 
variable frequencies, and those where the frequency is constant. Probably 
all are able to detect very small changes in the environment’s conductivity 
(Bennett and Grundfest, 1959a; Grundfest, 1957a; and Lissmann, 1958), but 
there does not appear to be any relation between the discharge and mode of 
life (cf. Lissmann, 1961). In the variable frequency group is Electrophorus, 
the monophasic discharges of which can stop altogether. Apparently the 
Sachs organ is used in location, and the main organ in offense and defense 
(Keynes and Martins-Ferreira, 1953; Coates, 1950). Also in this group are 
Hypopomus, G. carapo, Steatogenys, and Gymnorhamphychthys. All the latter 
forms fire continuously, but the resting rate varies from about 2 to over 
100/sec. and, during stimulation or activity, the rate increases. 

In the constant frequency group are Sternopygus, Eigenmannia, and the 
Sternarchidae. Sternopygus and the Sternarchidae are solitary dwellers, as 
are the variable frequency emitters G. carapo and Gymnorhamphychthys. 
Eigenmannia is social, as are Steatogenys and Hypopomus. The central con- 
trol mechanisms (Szabo, 1957, 19616) and probably also the electrosensory 
systems are different in the constant and variable frequency groups. Under- 
standing of these mechanisms may give some functional significance to the 
differences in pulse shape and pattern of discharge. 

It is interesting that both constant and variable frequency forms have 
evolved in African waters also. These are Gymnarchus and the Mormyrids 
respectively. The Mormyrids emit at frequencies that are dependent on 
activity and stimulation but that can stop altogether. Pulse forms also vary 
from nearly monophasic to diphasic and triphasic (Bennett and Grundfest, 
1961c). Gymnarchus emits at a constant frequency, although under certain 
conditions the discharge may cease (Lissmann, 1958). The discharge appears 
similar to that of Sternopygus and Eigenmannia. However, recordings with 
directly coupled amplifiers have not been made, and there may or may not 
be a direct-current component. 


CONCLUSIONS 


Fish have evolved a number of ways to develop electric current outside 
their bodies. The electroplaques show a wide range of properties, but the 
basic cause of external current is universal. During a discharge the potentials 
across opposed membranes become different because of their different respon- 
siveness. The electroplaque that is most simple electrophysiologically has 


Bennett: Operation of Electric Organs 505 


but a single responsive membrane that generates p.s.p.s only. In the next 
stage of complexity a cell may have, in addition to membrane-generating 
p.s.p.s, that which shows a conductance increase similar to delayed rectifica- 
tion. In a still more complex cell, spike-generating membrane of one, two, 
or three different kinds may occur, and there may be membranes showing a 
slowly developing and long-lasting depolarization. The electrophysiologically 
simplest are probably not the least evolved, since the muscles of origin pro- 
duce spikes. Some of the more complex cells are clearly also highly modified 
from muscle. In many but not all instances the specializations may be under- 
stood in terms of maximizing current production and efficiency. However 
the evolutionary picture is far from complete from lack of both functional 
data and, in most groups, of intermediate forms. 

- Of particular interest for further study are the isolated membranes showing 
p-s.p.s or the conductance increase like delayed rectification, since these re- 
sponse components are not readily available in other tissues. Also, in several 
species the spike-generating membranes are of interest for their unusual prop- 
erties including the high frequencies at which they respond. Evolution ap- 
pears in the electric fish to have provided the electrophysiologist with much 
valuable experimental material. 


SUMMARY 


(1) Electrophysiological data are presented on two anatomical types of 
electroplaques of Rajidae, cup and disc, and on electroplaques of two species 
of Gymnotids, Hypopomus, and Sternopygus. These data are used to illustrate 
the general modes of operation of electric organs. Where possible the spe- 
cializations that occur are interpreted in terms of functional significance. 

(2) When cup-type electroplaques were depolarized, a conductance increase 
similar to delayed rectification occurred, but associated with a small depolari- 
zation. There was no indication of a regenerative response. The conductance 
increase was graded and could exceed a fivefold change; its duration was about 
one-half sec. 

(3) In most cup-type cells, the conductance increase was mainly localized 
in the uninnervated face, and served to increase the external current flow pro- 
duced by p.s.p.s in the innervated face. The externally recorded response of 
a cell before activation of the conductance increase had two peaks. The first 
was due to a surge of current to charge the capacity of the uninnervated face; 
the second was due to activation of the conductance increase. 

(4) The p.s.p.s of the cup-type electroplaques reversed at about zero mem- 
_ brane potential. In segments of organ the impedance change associated with 
the p.s.p. was little affected by the membrane potential, even to the point 
where the p.s.p.s were inverted. 

(5) When Cl- Ringer bathing cup-type electroplaques were replaced by ace- 
tate Ringer, the depolarization associated with the conductance increase be- 
came 20 to 40 mv positive to the resting potential and exceeded the threshold 
for its production. Thus a regenerative all-or-none response could be evoked, 
This response lasted several seconds and apparently was terminated by in- 


activation of the conductance increase, 
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(6) Rajid electroplaques of the disc-type had a lower-resistance uninnervated 
face correlated with an increased surface area and correspondingly less of the 
conductance increase. To the extent to which the conductance increase did 
occur it predominated in the uninnervated faces and augmented the external 
currents produced by the p.s.p.s. 

(7) Both faces of the electroplaques of Hypopomus generated spikes. The 
discharges occurred out of phase and a diphasic external potential resulted. 
The spike of the caudal face was briefer than that of the rostral face. 

(8) The innervation in Hypopomus electroplaques occurred on a stalk from 
the caudal face. The p.s.p.s initiated a spike in the stalk which propagated 
to invade the body of the cell. The duration of the stalk spike was about the 
same as that of the rostral face, and longer than that of the caudal face. 

(9) The electroplaques of Sternopygus have spike-generating membrane only 
in their caudal, innervated faces. However, repetitive firing depolarized the 
rostral ends of the cells. The normal organ discharge thus consisted of two 
components; rostral-positive pulses superimposed on a steady rostral-negative 
potential. The time between pulses was about equal to the pulse duration, 
and the steady level was such that there was little net current flow. 

(10) The resistance at the peaks of spikes in the Sternopygus cells was about 
equal to that at rest. On the rising and falling phases, the resistance appeared 
to be decreased. 
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INTRODUCTION 


The nonmyelinated nerve ending of Pacinian corpuscles offers the opportu- 
nity for studying mechanisms of excitation at the receptor-membrane level. It 
has the unusual length of 600 to 800 uw of receptor membrane accessible for 
recording and stimulation. It can be freed by dissection from other tissues 
of the corpuscle and can be kept alive in isolation for several hours (Loewen- 
stein and Rathkamp, 1958 FIGURE 1). Its membrane appears to be the re- 
ceptor proper: any part of it responds with a nonregenerative transfer of charge 
to mechanical stimulation. This paper deals with some of the properties of 
such a membrane. 


ACTIVATION 


Membrane Area and Charge Transfer 


Local excitation. When a spot of the receptor membrane is stimulated 
mechanically, excitation is restricted to this spot without spreading to other 
parts of the receptor membrane. This property is illustrated by the experiment 
of FIGURES 2 and 3. A small region of receptor membrane is stimulated me- 
chanically, and the resulting generator potential is recorded at various distances 
from the stimulated region. The region is stimulated with constant mechanical 
pulses delivered by a stylus of about 20 uw diameter, while a microelectrode scans 
the surface of the remaining 800 uw length of receptor membrane. There is 
considerable scatter of values of generator potential, as may be expected in 
surface recording. But if one discards the extreme values that almost cer- 
tainly are due to bad electrode contact, it becomes clear that the amplitude 
of the generator potential decreases exponentially with distance. 

This result reveals that excitation in the receptor membrane is a local affair. 
Excitation appears to be localized at and confined to the mechanically stimu- 
lated region. This stands in striking contrast to the propagated nature of 
excitation of a typical nerve or skeletal muscle fibre membrane. The peculi- 
arity here—and this merely describes the result of FIGURE 3 without providing 
its mechanism—is that there is no local circuit excitation in the receptor mem- 
brane. Excitation appears to be produced by the adequate stimulus alone— 
the mechanical stimulus in this case—but not by the local flow of current (for 
a comparison with other excitable structures, see Grundfest, 1957 and 1959). 

Charge transfer as a function of membrane area: spatial summation. The 
preceding experiment showed that, within the same receptor membrane, 
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FicurE 1. Diagram of preparation and setup. The lamellae of a Pacinian corpuscle 
(cat mesentery) are progressively removed by microdissection, leaving a fairly clean non- 
myelinated nerve ending accessible for stimulation and for microelectrode recording (see 
Loewenstein and Rathkamp, 1958, for a description of technique). The membrane of the 
ending, the receptor membrane proper, is stimulated with variable mechanical pulses of a 
piezoelectric crystal. The pulses are applied to the receptor membrane by a glass stylus (S), 
and the resulting generator potentials are recorded with a microelectrode (R) from the surface 
of the receptor membrane or, alternatively, between the first (I) and second (II) nodes of 
Ranvier by electrotonic spread. The mechanical pulses are monitored photoelectrically. 


msec, 
Local excitation. A small region of receptor membrane is stimulated with 
ly 20 « diameter, while the surface 
Four (selected) samples of gen- 
FIGURE 3) recorded at 4 different distances 
superimposed below. 


FIGURE 2. , 
equal mechanical pulses from a stylus (S) of approximate 
of the receptor membrane is scanned with a microelectrode. 
erator potential (complete set of values is given in FIGT 
(d) from the stimulated site are shown, and their tracings 
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charge transfer can be excited in a given region of membrane independently of 
a neighboring one. The only coupling agent in the excitation process along 
the membrane appears to be the mechanical stimulus. One may expect, there- 
fore, the total amount of charge transfer to increase in a gradual manner with 
the area of mechanically excited membrane. The following experiment shows 
that this in fact is the case: if two separate regions of the receptor membrane 
are stimulated independently, the resulting generator potentials sum (FIGURE 
4: Loewenstein, 1959b). The quantitative relationship between membrane 
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Ficure 3. Local excitation. A spot of membrane is stimulated as described in FIGURE 
2, and the resulting generator potentials (logarithmic scale) are recorded at varying distances 
(d) from the stimulated spot (the average length constant is approximately 0.8 mm.). 


area and generator potential can be studied experimentally, and the remainder 
of this section will be devoted chiefly to describing the results. As a prelimi- 
nary, however, some general aspects of the relationship will be analyzed. 
Analysis. "The receptor membrane and associated myelinated axon can be 
represented by a network, as shown in FIGURE 5. Capacitance C and trans- 
membrane resistance 7; are uniformly distributed over the membrane. Each 
unit U represents a fractional value of the total membrane capacitance and 
conductance. It is thus merely an analytical element and not necessarily a 
real structural element of membrane as is, for example, a piece of mosaic struc- 
ture. The feature of local excitation is represented by a local drop in trans- 
membrane resistance 7. To simplify the analysis, it will be assumed that the 
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drop in resistance at each U-element is all-or-nothing with respect to mechani- 
cal stimulus strength. Shunt resistor 72 performs this, so that the local resting 
potential # of the corresponding U-elements drops proportionally with the 


Ficure 4. Spatial summation in the receptor membrane. Styli J (about 30 uw diameter) 
and 2 (about 20 » diameter) belong to independent crystals that stimulate 2 membrane spots 
about 400 # apart. Generator potentials (upper beam) in response to a mechanical pulse 
applied in a, to spot 1; in 6, to spot 2; and in ¢ to both spots simultaneously. Lower beam 
signals pulses of styli. Calibration: 1 msec.; 50 nV. 
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Ficure 5. Receptor analog. Description in the text. 
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resistance. The generator potential V (rising phase), recorded extracellularly 
from the axon, is then given approximately by equation 


pou ag — go tAcy (1) 


Where x is the fraction of U-units excited, that is, the ratio of excited area to 
total excitable area of receptor membrane; Z, the resting potential; 1 + b, the 
ratio between resting potential and the final value to which the membrane 
potential drops in the excited membrane regions due to a mechanical stimulus 


514 Annals New York Academy of Sciences 


of unlimited strength; R: , the parallel combination of (distributed) transmem- 
brane resistance of the entire receptor membrane in parallel with that of the 
excited membrane; C, the lumped capacitance of the entire membrane; and , 
a constant whose value depends on the location of the recording electrodes 
(Loewenstein, 1959a). 

To simplify the equation, the nodal capacitance C,, has not been taken into 
account; and the relatively small resistances of the extracellular fluid around 
the ending 7 and of its axoplasm 7, have been neglected. The omission of C, 
affects the rate of rise (Loewenstein, 1959a, Equation 2) but not the peak 
amplitude with which we are concerned here. The neglect of 79 and 7a intro- 
duces an error in the calculation of the peak generator potential. If 7) and ra 
are considered, as has now been done by S. J. Socolar of this laboratory with 
the aid of an analog computer, the peak values still can be fitted to an equation 
of Form 1 with maximum discrepancy not exceeding 10 per cent for shunts 
uniformly distributed along the ending (in this approximation, the best fit for 
b becomes slightly dependent on placement of the recording “electrodes,” and 
k, in turn, on the value of 8). 

It is clear from Equation 1 that the generator potential reaches its peak 
value at t = ©. However, the values of R; and C are so small that the gener- 
ator potential approaches within 10~ per cent of its peak value already within 
1 msec. (Loewenstein, 1959a). 

The graph of Equation 1 for the case of a drop of r to %0 of its resting value 
at t = © is givenin FIGURE 6. It describes a function in which the peak values 
of the generator potential (V) increase progressively with area (x) of excited mem- 
brane, and in which the increments in generator potential for successive equal incre- 
ments of area become progressively smaller. 

Experiments on the area-charge transfer relation. An approximate area-gener- 
ator potential curve can be obtained in the actual receptor membrane. A 
convenient procedure is to stimulate the denuded nerve ending with inter- 
changeable styli of different diameters. In this manner, varying areas of re- 
ceptor membrane can be excited at equal strength, and the corresponding 
generator potentials recorded. The experimental generator potential is then 
found to increase with the area of excited membrane (FIGURE 7). 

An attempt has been made in FIGURE 7 to fit the theoretical curve of Equa- 
tion 1 to the experimental values of generator potential. The fair agreement 
between the experimental values of generator potential and Equation 1 (solid 
line of FIGURE 7) is encouraging. However, it seems unwise at present to assign 
undue quantitative significance to it. The result will be stated therefore 
merely in descriptive terms: the generator current increases nonlinearly at a di- 
minishing rate with area of membrane excited. 

The diameter of the ending (3 to 5 4) is small compared to that of the stimu- 
lating stylus. Thus, as the diameter of the styli increases, the area of excited 
membrane grows essentially by an increase in length. The experimental ab- 
scissae values in FIGURE 7 correspond to areas of ending, that is, to elliptical 
cylinders of lengths equal to the corresponding stylus diameter. The actual 
boundaries, of course, are not so sharply defined. However, since the diameter 
of the ending is much smaller than that of the styli, the fringe zone of excitation 
spread should be roughly equal for different lengths of ending stimulated. 
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Ficure 6. The calculated generator potential as a function of excited membrane area. 
Graph of Equation 1 forr, = 14 m (see FIGURE 5), that is, for a drop in resistance in the ex- 
cited membrane to !49 of the inexcited value. The normalized peak generator potential is 
plotted against 100%, the per cent excited membrane area. 
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Ficure 7. The observed generator potential as a function of excited membrane area. 
An increasing area of receptor membrane is excited with styli of increasing diameter, and the 
resulting generator potential is recorded by electrotonic spread from the nerve fibre. The 
area that produces the maximal generator potential equals 100 per cent area. The solid line 
gives the theoretical curve as calculated from Equation 1 (see FIGURE 6). 
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The normalized generator potential-“true” area curve thus should be essen- 
tially the same as that of FIGURE 7. 2 
Stimulus strength and excited membrane area. When an intact Pacinian cor- 
puscle is stimulated with mechanical pulses of progressively increasing ampli- 
tude (hereafter referred to as stimulus strength), the resulting generator po- 
tentials are of progressively increasing amplitude (Alvarez-Buylla and de 
Arellano, 1953; Gray and Sato, 1953). Ficure 8B illustrates a typical stimu- 
lus strength-generator potential curve obtained with a stimulating stylus of 
diameter about one third that of the nerve ending. Except for its initial 
portion, the shape resembles in general that of an area-generator potential 
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Figure 8. B, the generator potential as a function of stimulus strength. An intact cor 
puscle is stimulated with mechanical pulses of increasing amplitude (stimulus strength) and 
the resulting generator potential is recorded by electrotonic spread from the nerve fibre. The 
first and second nodes of Ranvier have been blocked with procaine to prevent firing of nerve 


impulses. A, for comparison, the area-generator potential relation of FIGURE 7 is here re- 
produced. 


curve (FIGURE 8A). This suggests the possibility that in both cases the in- 
crements in generator potential may be caused by the same mechanism, namely, 
by an increase in area of excited receptor membrane. 

The nerve ending of the Pacinian corpuscle is wrapped in many connective 
tissue-like lamellae that form a multilayered fluid-filled parcel around it. It is 
therefore quite possible that when mechanical pulses of increasing strengths 
are applied to such a mechanically coupled system (for example, with a stylus 
smaller than the length of ending), the resulting deformation spreads over an 
increasing area of receptor membrane. The question is, then, whether the 
increase in generator potential that results from an increase in stimulus strength 
can be accounted for by an increase in excited area alone. There seem to be 
only two plausible mechanisms to account for such a change in generator po- 
tential: (1) an increase in specific membrane conductance at the point of 
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excitation, and/or (2) an increase in lumped membrane conductance that is 
in area of membrane excited (a possible change in membrane capacitance would 
be far too small to account for the observed change in generator potential). 
The following experiment is an attempt to see which of the mechanisms op- 
erates. 

It is possible to crush the terminal piece of nerve ending so that the remain- 
ing stump continues to produce generator potentials for some time (Loewenstein 
and Rathkamp, 1958). The strength-generator potential relation thus can be 
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Figure 9. Excited membrane area and the generator potential-stimulus strength rela- 
tionship. The generator potential-stimulus strength relation is studied in a piece of ending 
of about O, one third; A, two thirds; and @, full length. Ordinates, per cent amplitude of 
maximal generator potential at full length of ending. 


studied in varying lengths of ending. This method helps one to distinguish 
between two alternative mechanisms. If an increase in stimulus strength were 
to increase the charge transfer by way of an increase in area of excited receptor 
membrane, one might expect the range of strength in which the corresponding 
maximal generator potential is attained to increase with length. If, on the 
other hand, an increase in stimulus strength were to operate through the alter- 
native mode, through an increase in specific membrane conductance without 
an increase in the membrane area, the maximal generator potential and the 
strength range at which the latter is attained should be independent of length. 

The contention of an increase in area is borne out by the experiment illus- 
trated in FIGURE 9. The stimulus strength-generator potential relation is 
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studied in the intact ending, and in stumps of about two thirds and one half 
the intact length respectively (the point of stimulus application and stylus 
diameter is the same throughout). It is seen that the longer the piece of end- 
ing, the greater is the amplitude of the maximal generator potential and—of 
more significance here—the higher the strength range at which the maximal 
generator potential is attained. 

This result is due to a change in length of ending and not to a change in its 
resting potential. As may be expected, the resting potential of the injured 
ending diminishes eventually. However, with proper precautions, the time 
constants of fall in resting potential are from 40 to 70 min., whereas the entire 
experiment of FIGURE 9 lasts only 1 to 2 min. Thus only a small part of the 
diminution in maximal generator potential can be due to a decrease in resting 
potential. A simple way to show this is to cut off the tip of the ending. The 
area and the initial generator response are thereby practically unchanged. The 
generator potential in response to a given stimulus is then found to decline 
with the previously indicated time constants; or, if a longer piece of ending 
(for example one-half length) is crushed, the decline has about the same time 
constant. 

In conclusion it may be stated that a change in stimulus strength brings about 
a change in charge transfer by changing the area of excited receptor membrane. 
As the area of excited membrane increases, a progressively increasing area of 
membrane is shunted, that is, the total membrane conductance increases. 
Thus, one way by which charge transfer is varied under physiological condi- 
tions in the sense organ is by changing the area of excited membrane, that is, 
the (lumped) membrane conductance. Whether this is the only way to in- 
crease charge transfer cannot be stated. The question remains whether, in 
addition to the lumped conductance, also the specific conductance of the ex- 
cited membrane varies with stimulus strength; or, stated in terms of the recep- 
tor model of FIGURE 5, whether in addition to the number of shunt resistors 72 , 
also the value of each shunt resistor is continuously variable with stimulus 
strength. This question, of course, cannot be solved analytically; an output 
curve of the type illustrated in FIGURE 8 can be accounted for in analytical 
terms equally well with 72 as a fixed or as a variable resistor. There is also no 
direct experimental solution possible at present. The space-resolving power 
of microelectrodes is far too low. However, the point that is clear here is 
that charge transfer increases with area of membrane excited, and that one 
way by which an increase in stimulus strength brings about an increase in 
charge transfer is through an increase in excited membrane area. 

It seems worthwhile at this point to discuss briefly the physiological signifi- 
cance of the area-generator potential relationship. The character of the sen- 
sory impulse discharge is determined by the intensity and the rate of rise of the 
generator current. The frequency, the number of impulses, a good part of 
the sensory coding depend on the generator current. This is known for a 
variety of receptors in addition to the Pacinian corpuscle: for muscle spindles 
(Katz, 1950; Lippold ef al., 1960), crustacean stretch receptor nerve cells 
(Eyzaguirre and Kuffler, 1955; Burkhardt, 1959; Terzuolo and Washizo, 1960), 
photoreceptors (Hartline e¢ al., 1952; cf. Granit, 1955; Fuortes, 1959; Rushton, 
1959; Tomita, 1958), olfactory receptors (Ottoson, 1956), insect hair receptors 
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(Wolbaruht, 1960) and Lorenzinian ampullae (Loewenstein, 1960). We have 
seen that in the Pacinian corpuscle the generator current in turn depends on 
the area of membrane excited. It appears therefore that in the end the im- 
pulse message in a given sensory fiber is graded by the area of membrane 
excited at its receptor terminal. 


OTHER FACTORS THAT INFLUENCE CHARGE TRANSFER 


Electrical gradients and charge transfer. A plausible way to explain the 
charge transfer in the receptor membrane is to assume that the membrane 
separates two media of different ionic concentration, and that the mechanical 
stimulus elicits an increase in conductance for one or several species of ions. 
If the ionic distribution is in general similar to that of other excitable nerve 
membranes, such a conductance change would result in a depolarizing transfer 
of charges through the mechanically excited membrane by ions moving along 
their electrochemical gradients. On this basis one would expect the charge 
transfer of a given area of membrane to increase as a function of resting mem- 
brane potential. This is also what the receptor analog of FIGURE 5 describes, 
and is implicit in Equation 1, where the relation V = V(£) is specified as one 
of direct proportionality. 

A simple way to study the effect of membrane polarization is to record the 
generator potential in response to a mechanical stimulus of constant strength, 
that is, of a constant mean membrane area, while inward or outward currents 
are passed through the membrane. It is then found that over a wide range of 
polarizing currents the generator potential increases with membrane polariza- 
tion (FIGURE 10) (Loewenstein and Ishiko, 1960). Moreover if the generator 
_ potential-strength relationship is studied at various levels of membrane polari- 
zation, it is found that the effect of membrane polarization is to multiply the 
generator potential at any given strength by a constant factor (FIGURE 11). 

Temperature and charge transfer. Another factor that influences charge 
transfer in the receptor membrane is temperature. A detailed description of 
the temperature effects has been given by Inman and Peruzzi (1961) and 
Ishiko and Loewenstein (1960, 1961a). Reference here will be made only to 
the following: 

The rate of rise of the generator potential (FIGURE 12) in response to a con- 
stant stimulus increases markedly with temperature (Qi = 2.5). Moreover, 
in addition, the amplitude of the generator potential increases (Qi = 2.0) 
while the duration of the falling phase is almost unchanged (FicuRES 12 and 
13). This is another feature of the receptor membrane that contrasts with 
‘the membrane of the adjacent Ranvier node. The amplitude of the latter’s 
action potential, like that of other membranes with regenerative excitability, 
remains rather constant over a wide range of temperature, while its duration 
is markedly increased. These results on the receptor membrane are best ex- 
plained by assuming that temperature increases the short-circuiting factor 
during the active phase—that is, the conductance of the excited receptor mem- 
brane—and thereby causes the rate of rise and the amplitude of generator 
potential to increase (Equation 1). 

Temperature has, however, merely a modulatory effect. A change in tem- 
perature appears to modify the conductance during the active phase in the 
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mechanically excited membrane, but does not initiate the conductance change. 
The conductance change, namely excitation, is initiated only by the mechani- 
cal stimulus (Loewenstein, 1961). In this sense, the receptor membrane is 
rather specifically sensitive to mechanical stimuli. 
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Ficure 10, Generator potential at various levels of receptor membrane polarization. 
The receptor membrane is stimulated with equal mechanical stimuli while being hyperpolar- 
ized or depolarized with, respectively, inward (++) or outward currents (—). Vertical bars 
subtend the standard error of the mean of 50 potentials (from Loewenstein and Ishiko, 1960). 

Reproduced by permission of the Journal of General Physiology. 


STATISTICAL EXCITATION 


When equal mechanical stimuli are applied to the receptor membrane, the 
resulting generator potentials fluctuate statistically (FIGURE 14) (Loewenstein 
and Altamirano-Orrego, 1958; Ishiko and Loewenstein, 1959). The fluctua- 
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tions are at random and follow an approximately symmetric distribution 
(FIGURE 15; Ishiko and Loewenstein, 19616). The fluctuations are large; much 
larger than the usual fluctuations of action potential in nerve or muscle fibre 
membranes. For example the standard deviation of a submaximal generator 
potential may be as high as 8 per cent of the mean amplitude. A typical case 
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Ficure 11. The transducer relation of the receptor membrane at various levels of polar- 
ization. The generator potential-stimulus strength function is determined in the receptor 
membrane at normal resting potential (@); in the receptor membrane depolarized (A) by a 
constant outward current; and hyperpolarized (©) by a constant inward current of 15 & 1078 
amp. The values of generator potential obtained in the depolarized and hyperpolarized 
membrane fall on curves that respectively multiply the corresponding normal generator po- 
tential curve by factors of 0.73 and 1.35. Bars subtend the standard error of the mean of 
50 potentials (from Loewenstein and Ishiko, 1960). 

Reproduced by permission of the Journal of General Physiology. 


appears in FIGURE 17. The receptor is stimulated with equal mechanical 
pulses, and the statistical fluctuations of the resulting generator potential are 
determined for various strength values of the pulses. The constancy of the 
mechanical pulses is controlled photoelectrically within 0.5 per cent. Two 
hundred generator potentials (V) were recorded at each strength and the vari- 
ance (cy?) determined. The variance was obtained by subtracting the base- 
line variance, which includes all fluctuations of our amplifier and recording 
systems, from the recorded generator potential variance. “The variance so 
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Ficure 12. Upper row. Effect of temperature on generator potential. The receptor is 
stimulated with equal mechanical stimuli and the resulting generator potentials are recorded 
at different temperatures. Seven successive oscilloscope sweeps are superimposed on each 
photograph. The second beam records the thermistor reading of temperature. Lower row. 
Tracings of upper records slightly enlarged. Calibration: 25 nV; 1 msec. (from Ishiko and 
Loewenstein, 19610). 
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Ficure 13. Effect of temperature on the amplitude and rate of rise of generator potential. 
Abscissa: temperature of the receptor. Ordinates: @, mean value of amplitude, and O, of 
maximal rate of rise of 35 to 50 generator potentials. Bars subtend standard error of the 
mean (from Ishiko and Loewenstein, 19610). 
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Freure 14. Fluctuations in generator potential. A series of generator potentials in 
response to equal mechanical stimuli. The stimuli are monitored photoelectrically within 
0.5 per cent (from Ishiko and Loewenstein, 19616). 
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Ficure 15. Amplitude distribution of generator potential at three stimulus strengths. 
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determined represents very nearly the true fluctuation in the excitation process 
of the receptor membrane, contributions of fluctuations in mechanical stimulus 
being negligible (Ishiko and Loewenstein, 1959; Ishiko and Loewenstein, 19610). 
It is seen that as the stimulus strength increases, the fluctuations rise to a maxi- 
mum and then decline (FIGURE 17). 

An attempt may now be made to explain these fluctuations of generator 
potential as a consequence of the peculiar mode of excitation described in the 
preceding section. In a typical nerve or muscle fibre membrane where charge 
transfer is regenerated at full size by local current excitation along the entire 
membrane, and where the amount of charge transferred is independent of the 
stimulus, fluctuations in charge transfer of successive excitations may be rather 
small. In the receptor membrane, on the other hand, where there is no elec- 
trical coupling in the excitation process nor coupling of any kind other than 
mechanical, one may expect a marked statistical play in excitation. In such 
a membrane that forms part of a system with elastic and nonelastic elements 
(a long nerve ending encased in many tissue layers), the accessibility for ex- 
citation by mechanical stimulation is necessarily unequal for different regions 
of membrane. This alone should introduce considerable fluctuation in the 
charge transfer and should account for the larger part of the observed fluctua- 
tion in generator potential.* Further contributions to the fluctuations, prob- 
ably of much lesser magnitude, may arise from statistical play in the charge- 
transfer process proper. 

Membrane area and statistical fluctuation. To visualize what is meant here 
by statistical excitation it may be helpful to give a hypothetical scheme of 
possible spatial distribution patterns of excited membrane area. One may 
picture the excitation as occurring in subareas of membrane following two pat- 
terns: (1) subareas randomly scattered over the entire receptor membrane, as 
shown in FIGURE 16a; and (2) subareas distributed at random with radially de- 
creasing density around the zone of stimulation (FIGURE 166). The former 
pattern is likely to occur under physiological conditions in the intact sense 
organ, where the capsule tends to distribute the deformation over the ending, 
or when the denuded ending is stimulated with a large stylus; the latter pattern 
is likely to correspond to the case in which a small area of denuded membrane 
is stimulated with a fine stylus. The spatial distribution of membrane area 
accessible for excitation is assumed’ to fluctuate at random with time. The 
division of the membrane into subareas does not imply a mosaic structure, nor 
structural discontinuities of any other sort in the receptor membrane. In so 
far as the experimental evidence is concerned, and in so far as the present argu- 
ment is concerned, the membrane may be continuous. The subdivision into 
excited and nonexcited subareas is merely a consequence of the local nature of 
excitation described in the preceding section and of accessibility and inaccessi- 
bility for excitation. An excited subarea may be defined as the minimal region 


of receptor membrane that, at a given time, is excited independently of adjacent 
regions. 


* The mechanical stimulation process of such a system possibly could be nonstatistical 
only if the energy requirement for excitation of the membrane were so low as to make it virtu- 
ally a triggered system. ‘This is certainly not the case. The fact that the excited area in 
the experiments of ricurEs 4 and 7 is variable is alone sufficient argument against it. 
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In the light of the present hypothesis the generator potential is built up by 
charge transfer through a statistically fluctuating area of receptor membrane; 
or, more generally, by a statistically fluctuating population of excited subareas. 
The situation resembles, in a way, that of the motor endplate (Castillo and 
Katz, 1954). As the stimulus Strength increases, a progressively increasing 
population of subareas is excited; thus the probability for a given stimulus to 

gain access to (that is, to excite) a membrane area increases with its strength 


Ficure 16. Schematic representation of hypothetical distribution patterns of excited 
membrane area. Key: (a) excited subareas (black) randomly scattered among nonexcited 
areas (white); (0) excited subareas randomly distributed with radially decreasing density 
around the zone of stimulation; and (a’, b’) the same after increasing the excited area by an 


increase in stimulus strength. 


In either of the two distribution patterns of excited membrane, one may ex- 
pect the fluctuation of excited area to increase with the excited area (and, 
hence, also with strength). 

It is helpful now to consider again the electrical analog expression for the 
generator potential given in Equation 1, as a basis for a quantitative explana- 
tion of the fluctuation.* Assume that the excited membrane area (represented 
in Equation 1 by x) is characterized by a standard deviation o, (corresponding 
to fluctuations of the U elements of the model of FIGURE 5). It follows, then, 
that the generator potential amplitude fluctuates with a standard deviation 


* The analysis in this paragraph is part of a private communication from S. J. Socolar. 
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given by 
kEb 
ov = 02 ————? 
*(1 + bx)? 
or, more conveniently, 
0. 
oy = — V(1 — V/RE) (2) 
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Ficure 17. Fluctuations of generator potential as a function of mean generator potential 
(and of stimulus strength). Stimuli of varying strengths are applied to the receptor to pro- 
duce generator potentials of varying amplitude. Two-hundred generator responses are re- 
corded at each given stimulus strength. In the lower curve, the corresponding mean generator 
potentials (abscissae, standard error of mean smaller than dots) are plotted against stimulus 
strength (ordinates); in the wpper curve, the variance of generator potential is given as a func- 
tion of the mean generator potential (lower abscissae) and stimulus strength (upper abscissae, 
nonlinear scale). Bars subtend standard error of variance. The dotted line is the theoretical 


curve as calculated from Equation 1 and the slope of ricurE 18 (Ishiko and Loewenstein, 
19615). 
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It is useful now to replot the data of F1GURE 17 in the form ov/V versus V 
as In FIGURE 18. Clearly Equation 2 is of the right form to account for the 
fluctuation data that cluster about a descending straight line. Thus if the 
model represented by Equation 1 is correct, ,/x must be constant in the ex- 
periment; that is, the mean fluctuation of area is proportional to mean area 
excited. A least-square fit of a straight line to the data of FIGURE 18 gives 
the estimate o,/x = 0.08. The corresponding theoretical curve of fluctua- 
tion has also been drawn in FicurE 17 (dotted line). Equation 2 predicts that 
the peak of generator fluctuation occurs at V = kE/2. The agreement with 
the observed behaviour of the generator potential fluctuations is especially 
gratifying both because it flows from the description of an electrical analog al- 
ready made much earlier and because it was possible to apply this model 
despite the lack of a direct measure of the area factor «x. 

The qualitative aspects of the fluctuation-generator potential relationships 


RELATIVE STD DEVIATION 
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Ficure 18. Relative fluctuation of generator potential as a function of mean generator 
potential. Ordinates, relative standard deviation of generator potential (ratio of square root 
of the variance of FIGURE 17 to mean generator potential); bars subtend standard error of 
relative standard deviation. Abscissae, mean generator potential; same data as FIGURE 17. 


are already intuitively seen from the area-generator potential relationship of 
FIGURES 6 and 7. Let us suppose that the fluctuations in excited membrane 
area are proportional to the membrane area excited. Then in the initial quasi- 
linear range of the area-generator potential curve (FIGURE 6), we should also 
expect the fluctuations of generator potential to rise quasi-linearly with area 
excited. However, as the area-generator potential relationship becomes more 
nonlinear, the increments in generator potential fluctuations for successive 
equal increments in area fluctuation will become progressively smaller. Even- 
tually, as the relationship between area and generator potential approaches 
saturation, the slope of the curve becomes small enough so that the generator 
potential is relatively insensitive to fluctuations on the order of 8-per cent of 
the total excitable membrane area. Considerable fluctuation in area may thus 
occur without appreciable concomitant fluctuation in generator potential. The 
fluctuation of generator potential becomes then small once again as the gener- 
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ator potential approaches its upper limit. The graph of cy? versus V should 
therefore exhibit a peak (FIGURE 17). 


INACTIVATION 


Depression of charge transfer. Mechanical stimulation has a dual action on 
the receptor membrane: it excites it, and inactivates it. The excitation mani- 
fests itself by a charge transfer that is of a clearly detectable magnitude, even 
when single stimuli are used. The inactivation, on the other hand, Is brought 
out only by repeated stimulation. It then manifests itself by a diminution 
in the charge transfer. A convenient procedure to show inactivation is to 
subject the receptor membrane to a train of high-frequency stimulation and to 
probe its responsiveness before and after the train. The responsiveness is then 
found to be markedly reduced after the train (Loewenstein and Cohen, 1959a 
and 6; FIGURE 19). For example, the generator potential in response to a 


FicurE 19. Receptor inactivation. A train of repetitive mechanical stimuli at 500/sec. 
is applied to the receptor for 30 sec., and the responsiveness is tested with a given stimulus. 
Key: (a) before; (6) 0.2 sec.; (c) 5 sec.; and (d) 50 sec. after the end of the train. Lower beam 
signals the mechanical stimulus; upper beam, the electrical activity of the receptor. Cali- 
bration: 20 nV; 0.5 msec. (from Loewenstein and Cohen, 19596). 

Reproduced by permission of the Journal of General Physiology. 


given test stimulus may diminish to 20 per cent of its original value after 
application of a train of 180 stimuli at 500/sec., or to nought after 10,000 
stimuli. The effect of repetitive stimulation is to depress the charge transfer 
in an apparently cumulative manner, so that upon repetitive stimulation the 
generator response is driven progressively toward a minimal value (FIGURE 20). 
The effect is fully reversible, has low energy requirement (stimuli of subthresh- 
old strength will elicit it), and is independent of resting membrane potential. 
The depression of charge transfer increases with (1) (repetitive) stimulus 
strength, (2) stimulus frequency, and (3) (train) duration of repetitive stimu- 
lation (FIGURES 20 and 22). * 

Local inactivation. The mechanism of the depression of charge transfer is 
not known. One possible mechanism is that repetitive transfer causes a tran- 
sient depletion of charges. Such a depletion would seem conceivable here, 
since the fluid space around the ending is extraordinarily small. Pease and 
Quilliam’s (1957) electronmicrographs show the ending enclosed in tightly 
packed core lamellae, each representing a strong diffusion barrier (Gray and 
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Sato, 1955). Except for the polar clefts, the space between the nerve ending 
and the innermost lamella is of the order of 200 A. However, a depletion 
mechanism would require, in addition, a 1:1 ion exchange, to account for the 
absence of a shift in resting potential during depression; and-a time constant 
of restoration of the order of 0.1 sec. or even several sec. (at about 25° C.) to 
account for the recovery time of generator potential from depression after 
-prolonged and strong repetitive stimulation. 

An alternative mechanism is that of repetitive stimulation actions on a stage 
in excitation prior to the charge transfer acting, namely, causing inactivation 
of the membrane processes that lead to the conductance change. The kinetics 


20 40 60 80 100 120 
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AMPLITUDE OF MINIMAL GENERATOR POTENTIAL 


Ficure 20. Time course of inactivation. Abscissae: duration of train of repetitive stim- 
uli (500/sec.). Ordinates: amplitude of test generator potential. The shaded area deline- 
ates the fluctuation of the normal test generator potential (from Loewenstein and Cohen, 


1959b). 
Reproduced by permission of the Journal of General Physiology. 


of the depression of generator potential and those of its restoration are com- 
patible with both a depletion and an inactivation process. However, the two 
processes may be expected to differ distinctly in their extent of spatial spread. 
While a depletion should be diffuse over the entire receptor membrane of the 
ending (the electronmicroscope reveals no transverse barriers in the fluid space 
around the ending), a membrane inactivation process may be expected to be 
localized in view of the localized nature of the excitation process shown above. 

This allows one to test the two possibilities experimentally. Two small mem- 
brane regions (/ and 2, FIGURE 21) separated by about 500 yw are stimulated 
with styli driven by 2 independent piezoelectric crystals. A train of high 
frequency stimuli is applied to region 1, and subsequently the responsiveness 
is tested at regions / and 2. The responsiveness at region / is found to be 
considerably lowered, while that of region 2 is essentially the same as before 
repetitive stimulation. 
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The depression of charge transfer appears thus to reflect an inactivation process 
in the receptor membrane which, like excitation, is a highly localized process. 

A discussion on statistical inactivation. An attempt may now be made to 
relate inactivation to excitation. Such an attempt is necessarily speculative 
at present. However, the nature of this symposium, and certainly its title, 
justify some speculation. 

The general assumption will be made here that excitation of a given region 
of receptor membrane leads to its inactivation. Such an assumption of spatial 
identity would seem to be a very plausible one in view of the preceding results. 


FicureE 21. Local inactivation. Two regions of membrane (/ and 2) separated by about 
200 to 250 uw are stimulated with small styli (stylus diameter of region J is somewhat larger 
than that of 2) of independent piezoelectric crystals. A train of repetitive stimuli (500/sec. ; 
2 sec, duration) is applied to region 7. Responsiveness of regions / and 2 is tested before and 
after the train. Key: (a) responses at region J before the train; (a’) after the train; (0) re- 
sponses at region 2 before the train; (b’) after the train. Calibration: 100 nV; 1 msec. 


The statistical model of excitation may then be applied to inactivation, and 
one may undertake on this basis to examine the dependence of inactivation on 
strength, duration, and frequency of repetitive stimulation. For instance the 
increase in generator potential depression with (repetitive) stimulus strength 
(FIGURE 22) can then be accounted for by statistical inactivation, even if in- 
activation in a given subarea were to be all-or-nothing with respect to stimulus 
strength. Consider for example the case in which inactivation is caused with 
repetitive stimuli of—in successive runs—progressively increasing strength 
delivered to a given application point on the nerve ending, and in which the 
degree of inactivation is probed with stimuli of a given strength with the same 
stylus and at the same application point. This is exactly the situation of the 
experiment of FIGURE 22, and is thought to correspond to the statistical ex- 
citation-inactivation scheme of FIGURE 166. The experiment may then be 
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described in the following terms: a progressively increasing population of sub- 
areas 1s inactivated, and the inactivation is probed in a concentric population 
sample of a given mean size. Since the probability of excitation (hence that 
of inactivation) within a membrane subarea increases with stimulus strength 
as previously mentioned, the area of inactivated membrane in the test area 
sample will increase with (repetitive) stimulus strength, and its generator po- 
tential (namely, the test generator potential) will expectedly decrease. The 
experiment of FIGURE 22 shows that the test generator potential in fact de- 
creases. 
The dependence of generator potential depression on frequency and duration 
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STIMULUS STRENGTH OF SINGLE 
AND REPETITIVE STIMULI 


Ficure 22. Inactivation as a function of stimulus strength of repetitive stimuli. A: 
Depression of generator potential is produced by trains of 700/sec. frequency and 15 sec. 
duration. The depression is probed with constant test stimuli of submaximal strength (13.5 
U. on this abscissa scale). B: The transducer relation of the fully rested receptor membrane; 
the normal generator potential of the fully rested receptor as a function of strength of single 
stimuli. Note that inactivation does not depend on the charge transfer during repetitive 
stimulation, but on another factor, related to stimulus strength. 


of repetitive stimulation may be similarly explained without any further as- 
sumptions, since the element of recovery time is implicit in reversible inactiva- 
tion. 

An interesting consequence of the inactivation scheme is that depression of 
charge transfer should depend on the area of inactivated membrane, that is, 
on the conditioning excited area, but not on the conditioning amount of charge 
transfer. The experiment of FIGURE 22 reveals that the generator potential 
depression is not uniquely determined by the conditioning charge transfer. It 
shows that the test generator potential diminishes progressively with (repeti- 
tive) stimulus strength, even in the strength range (saturation range) where 
the generator potential no longer increases with stimulus strength. In this 
range the charge transfer, but not the area, becomes saturated with strength 
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(see FIGURE 8). Consequently, according to the inactivation scheme, the in- 
activation within the test area sample and the depression of its test generator 
potential should continue to increase in this range. 
This independence of inactivation of charge transfer can also be shown in a 
slightly different way. If inactivation is produced in a constant mean area 
(submaximal), and the inactivation is tested in a concentric sample area of 
progressively increasing size, the measured depression in charge transfer should 
be progressively diminishing, even within the saturation range of charge trans- 
fer. F1GuRE 23 illustrates the corresponding experiment in which inactivation 


DEPRESSION OF GENERATOR POTENTIAL 
(relative units) 


STRENGTH OF TEST STIMULUS (relative units) 


Ficure 23. Inactivation as a function of test stimulus strength. A variation of the ex- 
periment of FIGURE 20. Inactivation is here caused with trains of constant stimulus param- 


eters, and the resulting generator potential depression is probed with test stimuli of varying 
strength. 


is produced with repetitive stimuli of constant strength and tested with stimuli 
of progressively increasing strength. 


CONCLUSIONS 


Excitation in the receptor membrane is local. In contrast to the propagated 
nature of excitation in a typical nerve fibre, excitation in the receptor mem- 
brane is localized at and confined to the membrane region that has been stimu- 
lated mechanically, and does not spread to adjacent regions within the same 
membrane by local circuit excitation. The reasons for the failure of local cir- 
cuit excitation are not known. The electrical response of the membrane to a 
mechanical stimulus, the generator current, increases as a function of area of 
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excited receptor membrane. ‘The relationship is a nonlinear one, so that the 
increments in generator current for successive equal increments in area (that 
is, Jumped membrane conductance) become progressively smaller. The well- 
known progressive increase in generator current that one observes with increase 
in strength of physiological stimulus is due largely, if not entirely, to a pro- 
gressive increase in excited membrane area. (In addition, the generator cur- 
rent increases also with temperature and resting membrane potential.) 

The generator current appears to be built up by a statistically fluctuating 
area of excited membrane. As a result, the generator current in response to a 
given stimulus shows large statistical fluctuations (of the order of 8 per cent). 
When the stimulus strength and, hence, the area of excited membrane, is 
progressively increased, the fluctuations of generator current first increase and 
then decline. 

Repetitive excitation leads to a transient inactivation of the receptor mem- 
brane. This effect manifests itself as a depression in the generator current. 
The effect is fully reversible, has low energy requirements, and is independent 
of resting membrane potential. Like excitation, inactivation of the receptor 
membrane is a highly localized process. 
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_ NERVOUS CONTROL OF CHEMOSENSITIVITY IN MUSCLE* 


S. Thesleff 
Department of Pharmacology, University of Lund, Lund, Sweden 


Motor innervation influences skeletal muscle in several ways. The best 
_ known and most obvious influence is its control of the mechanical activity of 
muscle. In addition, innervation affects the chemical composition, metabolic 
reactions, electrical excitability, and the chemosensitivity of muscle. It is this 
last aspect of nervous control that has been the subject of study in our labora- 
tory. The results have recently been summarized in a review article. 

First I shall relate our experimental results and then discuss their chief im- 
plications. 

Most of the studies done by my associates and myself used isolated mamma- 
lian skeletal muscle with electrical micromethods for drug application and re- 
cording. With an electric current pulse it is possible to release iontophoreti- 
cally constant quantities of acetylcholine (ACh) from the tip of a fine micro- 
pipette.?* At a sensitive “spot,” iontophoretically released ACh produces a 
transient membrane depolarization, which is recorded by a capillary glass 
electrode inserted into the muscle fiber close to the point of drug application 
(the experimental technique is schematically illustrated by FicuRE 1). By 
moving the drug pipette and the recording electrode to various parts of a mus- 
cle fiber it is possible to determine the distribution and relative sensitivity of 
its ACh receptors. 

In an innervated muscle, ACh produces membrane depolarization only when 
applied to the end-plate region of a muscle fiber. The area sensitive to ACh 
is small and covers less than one millimeter of the fiber length, as shown in 
lower records in FIGURES 2, 3, and 4. 


Motor Nerve Degeneration 


Following motor denervation, the entire muscle membrane becomes sensi- 
tive to applied ACh (FicurE 2 and upper records in FIGURE 3). Four to five 
days after denervation in the cat and two to three days in the rat, locally re- 
leased ACh produces depolarizations with a slow time course outside the former 
end-plate region. The increase in the chemosensitive area starts at the end 
plate and spreads towards the tendons. After one to two weeks of denervation, 
the whole surface of the muscle fiber is as sensitive to ACh as the end-plate 
region, which has maintained its original responsiveness to the drug. A true 
supersensitivity of end-plate receptors is not observed.* 

The new ACh receptors formed after denervation have properties identical 
to those at an innervated end plate. Thus their response to drugs such as 
ACh, carbachol, and tubocurarine is similar to that in an innervated end plate. 
Drugs with anticholinesterase activity, however, do not potentiate the effects 

yi in thi in part by Grant B-2646 from the National 
ge locicat a a pte datas seh "Health Service, Bethesda, Md., 


and by research grants from the Muscular Dystrophy Associations of America, Inc., New 
York, N.Y. and the United States Air Research and Development Command, Brussels, Bel- 


gium. r 
‘ 535 


536 Annals New York Academy of Sciences 


of ACh in a chronically denervated muscle to the same extent that they do at 
the normal end plate. Presumably the denervated membrane, despite its high 
ACh-sensitivity, is in a practical sense devoid of cholinesterase.* 


Studies on the Cause of Denervation Supersensitivity 


Effect of reduced transmitter release. The conversion, following denervation, 
of the muscle membrane into an ACh-sensitive surface is presumably due to 
the absence of some influence exerted when the motor innervation is intact. 
To elucidate whether the chemical transmitter agent provided such an influence, 
we have used botulinum toxin. 

Characteristic of botulinum poisoning is a lack of transmitter release from 
cholinergic nerves while, otherwise, nerve and muscle are unaffected by the 
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FicurE 1. A schematic drawing of the position of the ACh pipette and the intracellular 
electrode at the motor end plate of a single muscle fiber. 


toxin.*§ As shown by Katz, quoted by myself,® the ultrastructure of motor 
nerve terminals is not altered by botulinum toxin. Thus degenerative changes 
in the nerve endings similar to those described during Wallerian degeneration 
are not observed even after a long-lasting and complete paralysis produced by 
botulinum toxin. 

When transmitter release is blocked by the toxin, the fibers become sensitive 
to applied ACh along their entire length. About two weeks after the adminis- 
tration of the toxin, ACh released from the tip of a micropipette produces de- 
polarizations with a rapid time course wherever applied to the muscle mem- 
brane (FIGURE 4, upper records). The whole surface of the membrane becomes 
as sensitive to ACh as the end plate, which maintains its criginal responsive- 
ness to the drug. The uniform chemosensitivity of the muscle membrane in a 
botulinum-intoxicated muscle is similar to that observed in chronically dener- 
vated muscles.’ Also, the electromyographic findings in chronic botulinum 
poisoning correspond to those of motor nerve degeneration: typical spontaneous 
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Ficure 2. ‘The sensitivity of innervated and denervated muscle fibers of the cat tenuis- 
simus to iontophoretically applied ACh. The membrane potential is recorded in the upper 
tracing and the current passing through the pipette in the lower tracing of each record. In 
an innervated muscle ACh causes membrane depolarization only when applied to the end- 
plate region (upper right record) but not when released outside this area of the membrane 
(upper left record). After denervation the whole muscle membrane becomes sensitive to ACh 
that, wherever applied, causes a potential change (subsequent records). Time marker, 100 
cps. Reproduced by permission from The Journal of Physiology.* 


Visible 
end-plate 

region 
FicurE 3. The sensitivity of a muscle fiber of the cat tenuissimus to locally applied ACh 
was tested by moving the tip of an ACh pipette close to the fiber membrane at points sep- 
arated by distances of about 0.5 mm. In an innervated fiber (lower records) only the visible 
end-plate region was sensitive. In a 14-day denervated fiber a constant pulse of ACh pro- 
duced a potential change of about equal magnitude at each point of the membrane (upper 
records). ‘Time marker, 100 cps. Reproduced by permission from The Journal of Physi- 

ology.4 
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END-PLATE 


REGION 


Ficure 4. Ina cat tenuissimus muscle intoxicated 3 weeks earlier with botulinum toxin, 
muscle fibers were observed in which the ACh-sensitive surface varied in size. The fiber 
illustrated by upper records was uniformly sensitive to applied ACh over a distance of at least 
1.5 mm. at each side of the end plate. The size of the ACh-sensitive surface in two other 
fibers was smaller (middle and lower records). The respective frequency of miniature end- 


plate potentials is shown by right-hand figures. Reproduced by permission from The Journal 
of Physiology.® 
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fibrillation potentials are recorded 5 to 6 days after the administration of the 
toxin.!° 

When transmitter release is reduced but not completely suppressed, as shown 
by the occurrence of spontaneous miniature end-plate potentials at a low fre- 
quency, the receptor area is enlarged but does not cover the whole muscle fiber 
(FIGURE 4 and TABLE 1). 

Since, as mentioned, botulinum toxin is without effect on the morphological 
_ structure of motor nerve endings, the results suggest that in nerve degeneration 
the lack of transmitter release is responsible for initiating the process that 
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Ficure 5. Continuous recording of the resting membrane potential at the end-plate 
region of a single fiber of the frog sartorius muscle. At the arrows, ACh-iodide was added 
to the muscle bath. Reproduced by permission from Acta Physiologica Scandinavica.” 


causes the high and uniform chemosensitivity of chronically denervated mus- 
cles. 

Effects of motor inactivation. The possibility that the extension of chemo- 
sensitivity following denervation was due to inactivity has been investigated 
by isolation of the motor mechanism in the cat’s spinal cord, as described by 
Tower." The surgical procedure consisted of severance of the dorsal roots 
below a lower-lumbar cord transection. In such a segment the ventral horn 
cells are intact but deprived of all ingoing impulses. Spontaneous transmitter 
release recorded as miniature end-plate potentials is not affected by the opera- 
tion.¥ 

The size of the ACh-sensitive surface in muscle fibers increased somewhat 
after this type of decentralization but, as long as three weeks after the opera- 
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tion, it usually covered'not more than a few millimeters of the fiber length 
(TABLE 2). Therefore inactivity alone cannot be responsible for extension of 
the receptor surface after nerve degeneration." Miledi* has reached the same 
conclusion while working with incompletely denervated frog muscle. In sar- 
torius fibers with at least two end plates he observed that section of the nerve 
to one of them caused a spread of chemosensitivity in the region of the latter 
end plate, despite the fact that impulse transmission continued through the 
intact junction. 


TABLE 1 
Tur RELATIONSHIP BETWEEN THE FREQUENCY OF SPONTANEOUS MINIATURE 
Enp-PLATE POTENTIALS* AND THE LENGTH OF THE PART OF THE 
MuscLe FIBER SENSITIVE TO APPLIED ACHT 


Frequency of m.e.p.p./sec. No. of fibers Mean length (mm.) of ACh-sensitive area 
0.01-0.1 16 OT et 
0:4 =1.0 8 1.6 (1.0-2.0) 
1.0 26 0.8 (0.3-2.0) 

* M.e.p.p. 


+ The experiments were made on tenuissimus muscles intoxicated 3 to 4 weeks previously 
with botulinum toxin. Figures within parentheses denote the range of measurements. 


TABLE 2 
MEAN VALUES AND STANDARD DEVIATIONS FOR THE FREQUENCY OF MINIATURE 
Enpb-PLATE POTENTIALS* AND THE LENGTH OF THE ACH-SENSITIVE 
SURFACE IN SINGLE FiBers OF Cat TENUISsIMUS MuscLEt 


Duration of inactiv-| Number of Number of Mean frequency of Mean length of receptor 
ity (days) muscles end plates m.e.p.p. (per sec.) surface (mm.) 
Control 6 35 14.3 + 1.18 0.67 0.019 

7 6 30 7.4 + 0.80 0.81 0.027 
12-13 6 29 5.3 + 0.68 (1.16)t range 0.5-2.5 
18-27 6 24 22.1 + 3.80 (1.04)t range 0.5-2.5 
* M.e.p.p 


+ The values are recorded according to the duration of the period of muscle inactivity 
produced by surgical isolation of the motor neurones. 
t For technical reasons distances longer than 2.5 mm. could not be measured. 


Consequently, it is likely that lack of transmitter release per se causes the 
aforementioned change in chemosensitivity. Isolation of lower motor neurones 
abolishes synchronous transmitter release by nerve impulses yet leaves the 
spontaneous transmitter activity intact. The continuous subthreshold trans- 
mitter release may be sufficient to maintain the chemosensitivity of the muscle 
in about its normal area. 


The Chemosensitivity of Fetal Muscle 


The results presented have shown that, following motor nerve degeneration 
or lack of transmitter release, the whole muscle membrane is converted into an 
ACh-sensitive surface. This indicates, as suggested in 1942 by Ginetsinsky 
and Shamarina! and in 1945 by Loewi,!* that a uniform and high chemosensi- 
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tivity probably is the original state of the cell and that this is modified upon 
innervation by the release of the transmitter or some other substance from the 
motor nerve. 

This view is supported by investigations made by Diamond and Miledi.” 
They showed that the fibers in the fetal and newborn rat diaphragm muscle 
were sensitive to ACh over their whole surface: Shortly after birth, when a 
_ functional innervation was established, the chemosensitivity receded, starting 
from the tendons toward the end plate. We have made similar observations 
in fetal rabbit and cat diaphragm muscles (unpublished observations). Some- 
what similar conclusions have also been reached by Purpura ef al.,!8 who ob- 
served that succinylcholine produced electrically silent contractures in newborn 
cats up to the 10th to 12th postnatal day and that a general chemosensitivity 
of muscle fibers could account for the contracture-inducing effect of the drug. 


Effects of Applied ACh and of Repetitive Nerve Stimuli 


The preceding section dealt with the increase in chemosensitivity observed 
in muscles deprived of transmitter release. To present a comprehensive pic- 
ture of the influence of innervation, however, the effects of an excess of trans- 
mitter should also be considered. 

As shown by Brown é¢ al.,!® close arterial injections of ACh into a normal 
innervated mammalian muscle produced a depression of its excitability to 
nerve stimulation. ‘The depressant effect of the drug was confined to the end 
plate, since the response of the muscle to direct electrical stimulation was un- 
altered. 

The experiment illustrated in FIGURE 5 shows that, in the isolated frog sar- 
torius, diffusely applied ACh produced a reduction of the membrane potential 
at the end plate from —90 mv to —20 my, that is, by 70 mv. Without removal 
of the ACh the depolarization subsided spontaneously, and the membrane 
potential was restored to about its original value. During the period of de- 
polarization a neuromuscular block developed and persisted despite repolariza- 
tion of the membrane to the normal level. The muscle remained unresponsive 
as long as ACh was in the muscle bath and its chemosensitivity was restored 
only after washing in Ringer’s fluid for 15 to 45 min.” Qualitatively similar 
results have been obtained in mammalian muscles.?),” 

Repetitive motor nerve stimulation also renders the end plate refractory to 
applied ACh.” In the isolated phrenic-diaphragm preparation of the rat, nerve 
stimulation at a frequency higher than 40/sec. caused a reduction in the re- 
sponse to locally applied ACh and, with stimulation frequencies of 60/sec. or 
more, the response sometimes was completely abolished (FIGURE 6). 

The effect of varying the duration of the period of tetanic stimulation was 
such that, at stimulation frequencies above 40/sec., a maximum of desensitiza- 
tion occurred within 0.2 sec. of starting the stimulation. The time for com- 
plete recovery of the sensitivity of the end plate to ACh was also about 0.2 sec. 
(FIGURE 7). © 

Thus an excess of ACh, irrespective of whether it is applied or-released by 
nerve stimulation, will reversibly reduce the chemosensitivity of ACh receptors. 
In principle this is a phenomenon similar but opposite to that described in the 
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Ficure 6. End_-plate desensitization produced in the rat diaphragm preparation by repet- 
itive nerve stimulation at frequencies of 20, 40, 50, and 60/sec. The entire period of stimu- 
lation (150 msec.) is shown in each record. Responses to test pulses of ACh are shown: 5 
sec. before nerve stimulation (left-hand record); 50 msec. after the end of stimulation (middle 
records); and 5 sec. later (right-hand records). Time marker, 100 cps; voltage calibration, 10 
mv. Reproduced by permission from The J ournal of Physiology. 
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previous section dealing with effects of a diminished transmitter release. 
Therefore, receptor “desensitization” by ACh is probably related to the process 
by which the motor nerve controls the size of the receptor area in a muscle 
fiber. However, the time course of the two phenomena are markedly different: 


Ficore 7. The time course of recovery from desensitization produced in ee rat Seca 
by repetitive nerve stimuli at a frequency of 60/sec. The entire period Co) ee a es 
shown in each record. ‘The response to a test pulse of ACh is reduced for A pepe ae 
0.2 sec. after the end of the stimulation. The control response obtained before and alt 


each period of stimulation are shown in -hand and right-hand records respectively. Time 

h d of stimulati re shown in left right-hand record: é ae 

Paes “100 oon voltage calibration, 10 m Reproduced by permission from Tie Journal 
7 


of Physiology.” 
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receptor “desensitization” occurs in a matter of seconds or less, while the spread 
of chemosensitivity, following denervation, requires hours to develop. 


Discussion 


The experimental findings I have presented suggest that the genuine state of 
a muscle fiber is one with a high uniform sensitivity to ACh, and that upon 
innervation the chemosensitive area decreases in size until it covers only the 
end-plate region. According to this view the motor nerve has two functions: 
first, to initiate mechanical activity in muscle and, second, to control the size 
of its chemo-receptor surface. 

Since inactivity cannot explain the global chemosensitivity of denervated 
muscle fibers, it is pertinent to assume that lack of some chemical agent re- 
leased by the nerve is responsible for the extension of the receptor surface. 
The experiments with botulinum toxin indicate that this substance is either 
ACh or some unknown agent released simultaneously with the transmitter. At 
the moment it is not possible to distinguish between these two possibilities. 
It should, however, be mentioned that spread of chemosensitivity in a dener- 
vated muscle is not reversed by prolonged immersion of the muscle in ACh 
solution.“ Neither has it been possible to produce changes similar to denerva- 
tion in the cat tenuissimus muscle by complete curarization of the animal for 
a period as long as 7 days (unpublished observations). Both experiments, 
however, have been made under rather unphysiological conditions, and they 
cannot be held as crucial evidence against the possibility that intermittent 
bombardment of the membrane by ACh is not normally the determining factor 
for the size of the receptor area. 

The observation that following innervation the chemosensitivity of a muscle 
fiber is reduced from the tendons toward the end plate suggests that the change 
in the distribution of ACh receptors is not primarily caused by a substance 
entering the fiber at the end plate. It is more likely that formation or activa- 
tion of chemoreceptors require the presence of some substance formed inside 
the muscle fiber. If, due to transmitter activity from the nerve, such a sub- 
stance were formed only in the nervous portion of an innervated fiber and then 
produced everywhere following denervation, the spatial sequence of the re- 
ceptor change would be obvious. Perhaps the entire muscle membrane is al- 
ways covered by chemoreceptors, but the ACh-receptor combination causes 
depolarization only when a substance formed inside the fiber can be utilized in 
the reaction. An excess of ACh could be expected to deplete the membrane 
of this substance. The experimentally observed degree and time course of 
desensitization with locally applied ACh fits such a mechanism,2® and it can 
ee the slow recovery following desensitization by “bulk” application of 

The metabolic reactions and the chemical composition of skeletal muscle 
undergo striking changes following denervation2® It seems possible that the 
increase in the chemosensitivity of the membrane is in some way connected 
with these processes. 

' Because of the electric “cable-conductor” properties of a muscle fiber, an 
increase of its chemosensitive surface makes it supersensitive to drugs. FIGURE 
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$ is a diagram of a model with electrical properties similar to those of a muscle 
fiber. A potential difference (for example the membrane potential) between 
A and B can be reduced by short-circuiting either a fraction, or all, of the par- 
allel resistors 7». In an innervated fiber only the end plate is affected by ACh, 
that is, only a small fraction of the total effective resistance between the in- 
side and the external medium is reduced. A relatively larger reduction of the 
resistance in the end plate is therefore needed, according to Ohm’s law, in order 
to produce a given membrane potential change. From membrane constants 
obtained for mammalian muscles it can be estimated that the sensitivity to 
ACh should increase through this mechanism after denervation by a factor of 
10 to 500, depending upon whether 100 or 20 uw is taken as the diameter of the 
active end-plate membrane.t The extension of ACh sensitivity, in combina- 
tion with the lack of cholinesterase and an increased electrical excitability of 
the membrane, can provide an adequate explanation for the phenomenon known 
as denervation supersensitivity. 


A a 


—— 
tm 
f 
Ficure 8. A diagram illustrating the electric cable conductor properties of a muscle fiber: 
¥m = membrane resistance; r; = longitudinal resistance of myoplasm; c, = membrane ca- 
pacitance. 


Whether the aforementioned mechanism also offers an explanation for de- 
nervation supersensitivity in other organs remains to be shown. Considering 
the close similarity of this process in various types of tissues,” however, it would 
be rather surprising if the mechanism varied markedly. Particularly attrac- 
tive is the possibility that presynaptic activity might determine the size of the 
receptor area in neurons. According to such a hypothesis in neurons of the 


central nervous system, the postsynaptic receptor area could be confined to 


the sites of the most frequently activated synaptic knobs, leaving the rest of 


the membrane relatively insensitive to transmitter action. This might explain 
_ plastic changes and an increased synaptic effectiveness with usage. 
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AN ANALYSIS OF INTRA- VERSUS EXTRACELLULAR POTENTIAL 
CHANGES ASSOCIATED WITH ACTIVITY 
OF SINGLE SPINAL MOTONEURONS* 


Carlo A. Terzuolof and T. Arakit 
Department of Anatomy, University of California at Los Angeles, Calif. 


Introduction 


The potential field due to activity of a single spinal motoneuron was first 
investigated by Fatt.' Different results were obtained by Freygang and Frank? 
who recorded simultaneously intra- and extracellular potential changes from 
the cell soma. The interpretations of the extracellular currents proposed by 
the above authors do not agree with the hypothesis of spike propagation in 
spinal motoneurons first suggested by Araki and Otani’ and further elaborated 
by Fuortes e¢ al.4 and Coombs ef al.°»* According to this hypothesis the first 
component of the action potential recorded intracellularly from the soma of 
spinal motoneurons (the IS or A spike) results from activity of the initial seg- 
ment, while the subsequent invasion of the soma membrane, and possibly of 
some portion of the dendrites, causes the SD or B spike. This hypothesis is 
consistent with the results of recent voltage clamp experiments on spinal 
motoneurons of cat (T. Araki and C. A. Terzuolo, in preparation). In these 
experiments the membrane whose activity causes the SD spike was localized 
within the soma-dendrite complex. However, it was not possible to determine 
which portion of this complex is active when the SD spike is recorded. There- 
- fore the problem of spike propagation in spinal motoneurons was re-examined 
by recording simultaneously intra- and extracellular potential changes from 
different regions of the cell membrane. 


Methods 


The cats were anesthetized with Nembutal, paralyzed with Flaxedil, and 
artificially ventilated. Bilateral pneumothorax was performed. The lumbar 
segments of the spinal cord were exposed by laminectomy. The sectioned 
ventral roots were mounted on platinum electrodes under paraffin oil. The 
strength of the stimulus applied to the ventral root was adjusted so that the 
motoneuron under study was activated in approximately 50 per cent of the 
trials. This procedure was sufficient, in most cases, to minimize in the extra- 
cellular records potential changes caused by activity in neurons other than the 
one being studied. The cell was stimulated directly through the impaling 
microelectrode to confirm this point. 

Microelectrodes. ‘The type of double microelectrode used in these experi- 
ments, which might be called ‘“‘parallel-microelectrodes,” is shown in FIGURE 1. 
It consists of two micropipettes whose tips are completely independent. Par- 

* The work described in this paper was supported in part by Research Grants B-1143 and 
B-5260 from the National Institute of Neurological Diseases and Blindness, Public Health 


Service, Bethesda, Md. i 
+ The research reported in this paper was completed after this author moved to his present 
address: Department of Physiology, University of Minnesota, Minneapolis, Minn. 
t} Present address: Department of Physiology, University of Kyoto, Kyoto, Japan. 
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allel-microelectrodes can be obtained in several ways. The method used was 
the following: the walls of two pieces of pyrex tubing (external diameter 1.2 
mm.; wall thickness 0.3 mm.) were joined together for a short distance with a 
gas flame. The characteristics of the juncture determined the distance be- 
tween the tips of the electrodes obtained by placing the fused region in a micro- 
electrode puller. The shafts of the two micropipettes were therefore separate; 
they were joined only by small bridges of glass, located at the region in which 
the tapering increased sharply. The shafts were enclosed in a girdle of dental 
cement to avoid separation during handling. Parallel-microelectrodes with 
tip diameters less than 1 yw, and intertip distances ranging from 3 to 20 u were 


lO p 


tc 


Figure 1. Photomicrograph of a “‘parallel-microelectrode.” 


used. This distance was subject to change while the electrodes were moving 
in the cord; usually it increased. 

The electrodes were filled with KCl. The coupling capacity and resistance 
between each pair of micropipettes were of the order of 3 to 8 uwuF and 5 to 
50 KQ respectively. This electrical coupling was minimized by cross neutral- 
ization, after Tomita.’ The electrical activities were led from both micro- 
electrodes through cathode follower input stages with grid currents less than 
1X 10°" amp. The effectiveness of the cross neutralization was continually 
tested while the microelectrodes were advancing in the cord and after pene- 
tration of the cell. The outputs from the decoupling amplifier were displayed 
after suitable amplification, on a double beam oscilloscope. 


Results 


(1) Potential changes recorded trom the outside of the axon and the cell soma. 
Records representative of the potential changes observed outside of the axon 


a 
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and the soma of spinal motoneurons activated antidromically are shown in 
FIGURE 2. The voltage drop across the membrane of the same region of the 
cell was simultaneously recorded by the second micropipette (bottom line of 
each record). 

The intracellular action potential shown in A has a steep rising phase and a 
short duration suggesting that it was recorded from a motor axon>8 The 
potential change recorded simultaneously by the external microelectrode (upper 
beam) is positive-negative-positive, as recorded from outside a nerve when an 
impulse is propagating.® 

In B, C, and D the intracellular records are similar to those ascribed by 
Coombs et al.°’® to potential changes from the initial segment of the axon. The 
evidence supporting this interpretation has been discussed by these authors. 


A B u C D 


] msec. 


Ficure 2. Potential changes recorded simultaneously, inside and outside the axon and 
the soma of spinal motoneurons with parallel-microelectrodes. The records were taken from 
different cells except for C and D. ‘Two or more sweeps were superimposed in each frame 
_ to provide the baseline as recorded from the external microelectrode in the absence of activity 
in the cell studied. The intensity of stimulation applied to the ventral root was adjusted to 
activate the cell in approximately 50 per cent of the trials. Full description of the figure is 
given in the text. 


Records C and D were obtained from the same cell; after a slight withdrawal of 
the “parallel electrodes” the common type of intracellular action potential 
was recorded from this cell. The hump in the falling phase of the intracellular 
spike in record B (indicated by the single arrow) disappeared with repetitive 
stimulation, as expected if the membrane responsible for the SD spike were no 
longer invaded. In this case the extracellular potential was triphasic, as re- 
corded in A. In the presence of the SD spike, however, the amplitude of the 
last positive wave (indicated by the double arrow) was decreased while its 
duration was longer. This observation implies that the external field caused 
by activity within the soma-dendrite complex was different from that produced 
in the volume conductor by an action potential propagating along a nerve fiber. 
An interpretation of this finding will be proposed later. 

In record C, the microelectrodes may be assumed to be closer to the cell soma 
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than in B. The potential changes recorded intracellularly had, in fact, two 
peaks, the first of which was due to activity of the initial segment while the 
second resulted from the activation of the membrane responsible for the SD 
spike. The extracellular late positive wave was also decreased in this record, 
that is, a relative negativity (indicated by the arrow) was induced when the 
action potential propagated within the soma-dendrite complex. This relative 
negativity was even more conspicuous in record D in which the extracellular 
microelectrode may be assumed to be closer to the soma membrane, as indicated 
by the intracellular record. 

Records E, F, and G depict the type of extracellular potential most commonly 
encountered. Penetration of single motoneurons with both microelectrode 
occurred almost exclusively, with exceptions to be mentioned later, when th 


A B 


—___ | msec. 


Ficure 3. Extracellular potentials recorded in the absence of an SD spike. In B two 
stimuli were applied to the ventral root with a short time interval. In some of the trials the 
soma-dendrite complex was not invaded. ‘The last positive wave of the extracellular records 
and the negativity that precedes it were no longer present in this condition. 


extracellular potential recorded by the outside electrode was similar to that of 
records E, F, and G. Because of the distance between the tips of the two 
microelectrodes and because of the geometry of spinal motoneurons it is quite 
safe to assume that the extracellular potential changes shown in E, F, and G 
were recorded from outside of the membrane of the soma and adjacent portions 
of the dendrites. This region of the cell membrane will be called soma, while 
the terms dendrite and dendritic membrane will be applied to the dendritic 
tree after branching has occurred. 

The extracellular potentials of records E, F, and G consist of four components 
(positive, negative, negative, and positive). The initial positive wave is small 
and frequently difficult to detect in the background noise. The first negative 
wave may exhibit a plateau when there is a pronounced delay in the invasion 
of the membrane responsible for the SD spike. The second negative wave 
always begins in close time relationship with the inflection present in the rising 
phase of the intracellularly recorded action potential; its peak always precedes 
the peak of the SD spike, although this time difference is not equal in all cells. 
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While this point will be discussed later, it is important to emphasize here that 
the second of the two negative waves and the positivity that followed were 
recorded only when the SD spike was present. The extracellular potential in 
the absence of the SD spike is shown in the upper trace of FIGURE 3B. 

(2) Interpretation of extracellular potentials. The presence of a double nega- 
tivity outside of the soma membrane, as well as the decrease of the late positiv- 
ity recorded from the outside of the initial segment previously described, are 
difficult to understand unless one considers the direction of current flow around 
the activated motoneuron. 

According to Lorente de N6!" the external fields of current flow caused by 
activity of single neurons within the central nervous system can be classified 
in three types: closed field, open field, or a type intermediate between the two. 
Since most spinal motoneurons of cat have numerous dendritic branches that 
radiate in nearly all directions away from the soma, a closed-field type of ex- 
ternal current flow would be observed while recording from the outside of the 
great majority of motoneurons. In these cases, the following sequence of 
events may be postulated to take place during antidromic invasion. 

While the action potential propagates along the motor axon, the external 
field of current flow would be of the open type, the presence of axon collaterals 
being negligible. An extracellular microelectrode placed near the axonal mem- 
brane would therefore record a triphasic potential change (record A of FIGURE 
2). This membrane would, in fact, become source, sink, and source. When 
the impulse invades the initial segment, however, the external field of current 
would tend to shift from the open-type to the closed-field type if most of the 


current that flows into the membrane of the initial segment is supplied by the 
dendrites rather than the soma. Once the impulse has invaded the soma the 


closed-field type would be established. The zero-isopotential surface of this 
field is assumed to be located in the dendritic zone and, possibly, to pass 
through the regions in which the dendrites ramify." 

This postulated sequence of events can account for the results thus far pre- 
sented. The situation to be analyzed first is that of a microelectrode placed 
outside of the soma during the IS spike. Initially an outward flow of local 
current from the soma into the sink of the initial segment would cause such an 
electrode to become positive. In a lineal structure this positivity would last 
until the potential across the membrane at the point of recording became less 
than that of the initial segment. However, since the dendrites become the 
main source of current, a microelectrode located at the center of the closed 
field would be on the side where the sink is located with respect to the zero-iso- 


' potential surface. Because of this field effect the amplitude and the duration 


of the first positive wave recorded extracellularly from the soma region would 
be reduced, and this positivity would be quickly replaced by a negativity. Al- 
though most of the current for a sink in the initial segment would be supplied 


_ by the dendrites, the density of current flowing across the dendritic membrane 


4 


7 


might be quite small. 
Tt must be stressed that zero isopotential surfaces oriented differently from 


the one postulated, can also account for the negative potential change recorded 


outside of the soma region while an outward current flows across the soma mem- 


brane. The closed field hypothesis has been selected, however, because it 
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accounts for the observations reported in sections 1 and 3 without disagreeing 
with those to be presented in section 4. 

The second situation to be analyzed is that of an external electrode located 
near the membrane of the initial segment when the action potential invades 
the soma-dendrite complex. Such an electrode would be expected to become 
positive since the repolarized membrane of the initial segment would act as a 
source for the new sink. However, a microelectrode placed outside the initial 
segment is not far from the center of the closed field. If the structure at the 
center of this field becomes active, then the positivity due to the outward flow 
of current across the membrane cf the initial segment will be opposed by the 
negativity resulting from the closed field. The reduction of the amplitude of 
the last positive wave, or relative negativity, observed when recording from the 
outside of the initial segment (records B, C, D of FIGURE 2) can thus be ex- 
plained, assuming that the membrane of the soma, here considered to be at 
the center of the closed field, is invaded by the action potential. a 

The activation of the soma is proved by the time relationship between the 
extracellular current (the second negative potential change recorded outside 
of the soma) and the SD spike recorded simultaneously by the intracellular 
microelectrode. The invasion of the soma membrane, therefore, can be estab- 
lished independently of the interpretations proposed for the observed extracellu- 
lar potential changes (see under Discussion). We must emphasize, however, 
that the assumption that a closed field of current flow would be established when 
the soma becomes active is consistent with the results. The argument goes as 
follows: when the soma becomes active, current will flow radially inward from 
the dendrites, where the major source is assumed to be located, toward the 
soma, the zero isopotential surface being located in the dendritic zone. The 
second negative wave recorded outside of the soma, therefore, may be taken to 
indicate an inward flow of current across the soma membrane, which is assumed 
to be at the center of the closed field. 

One more potential change remains to be interpreted. This is the late posi- 
tive wave recorded by a microelectrode located outside of the soma membrane. 
This positivity indicates a reversal of the sink and source relationship in the 
region in which the electrode is located, that is, close to the center of the closed 
field. Such a reversal from sink to source may occur: (1) if the action potential 
propagates out in the dendrites; or (2) as a consequence of an electrotonic 
spread to the dendrites of the activity of the soma. In both cases current 
would, in fact, start to flow outward from the soma when the potential across 
the dendritic membrane becomes lower than that of the repolarized soma mem- 
brane. The first of the two mentioned possibilities is likely to cause a larger 
and longer lasting positive potential change. It should be noted that the late 
positivity recorded from the outside of the membrane of the initial segment 
becomes longer when the action potential propagates to the soma-dendrite 
complex (FIGURE 2B). 

(3) Dendritic potential. If the sequence of events postulated is correct, then 
by recording on the dendritic side of the zero isopotential surface, extracellular 
potentials different from those previously illustrated should be recorded. A 
positive potential, indicating an outward flow of current, should be recorded 


. 
; 
; 
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when the action potential invades the initial segment and the soma. This 
positive wave or waves should be followed by a negative potential if the den- 
drites are subsequently invaded. This inwardly directed current would begin 
to flow after the one observed by recording outside of the soma, and should not 
be followed by a positive wave since no reversal of sink-source relationship will 
occur. 

Records C of ricure 4 fulfills these predictions. Reversal of the outward 
current to an inward one occurs near the peak of the intracellularly recorded 
SD spike. The peak of this current is too late to be that which causes the SD 
spike. This strongly suggests that the action potential is propagated along 
some portion, at least, of the dendrites. Consistent with this are records A 
and B of FicureE 4. 

In two instances, of several hundred cells we examined, two action potentials 
of different time course were simultaneously recorded from the two micropi- 


20 mv 
50 mv 50 mv 
E=—” 
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Ficure 4. Dendritic potentials. In A and B both microelectrodes were placed inside 
the soma cell. In C the external microelectrode was assumed to record from the dendritic 
trees. Full explanation in the text. 


pettes placed inside the same motoneurons. While the micropipette impaling 
the soma region recorded the ordinary intracellular spike (lower beam) the 
spike recorded by the second microelectrode had a retarded rising phase and a 
much slower falling phase. No sign of injury was present in the two cells in 
question. The membrane always responded to stimulation, and the time course 
of the two intracellularly recorded action potentials did not change throughout 
the time of penetration. Moreover, direct stimulation through the impaling 
microelectrodes was successful in both cells. This fact also proves that both 
microelectrodes were placed inside the same cell. The amplitude of the two 
action potentials of record A are about equal (the difference in frequency re- 
sponse between the two channels, as shown by the calibration pulse at the end 
of the sweep, is too small to produce any appreciable reduction of the ampli- 
tude of the potential recorded by the lower beam). However, the time delay 
between the peaks of the 2 potentials was about 0.3 msec., indicating that the 
action potential recorded by the upper beam was taken from a structure lo- 
cated far from the soma, that is, a dendrite. It is likely that if the spike re- 
corded by the upper beam resulted from the electrotonic spread of the soma 
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spike along a dendritic membrane, a large reduction of amplitude would be 
observed at a point where the peak of this spike was delayed by 0.3 msec. 
Moreover, in record B the ratio between the amplitude of the electrotonically 
propagated IS spike recorded in the lower trace and the upper trace 1s about 4. 
This ratio seems to indicate that the microelectrode was placed quite far from 
the soma. On the contrary, the ratio between the total height of the spikes 
recorded by the two microelectrodes is about 1, 3. 

The above considerations preclude the spike potential recorded in the upper 
trace from being the result of electrotonic spread of the action potential due 
to activity of the soma membrane. The action potential therefore propagates 
at least at some distance from the soma. This distance cannot be estimated 
on the basis of our data. 

(4) Open-field type. Although the external field of current around the anti- 


int. 
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Ficure 5. Extracellular potentials recorded in motoneurons with an open field of extra- 
cellular current flow. Full explanation in the text. 


dromically activated motoneurons was in most cases a closed field, as previously 
discussed, in a few motoneurons different extracellular potentials were recorded. 
The extracellular potential recorded during antidromic invasion of these moto- 
neurons was characterized by a relatively large and long lasting initial positive 
wave, as shown in FIGURE 5. The extracellular potential of record A is positive- 
negative-positive. The initial positive wave developed while the IS spike was 
recorded intracellularly from the soma. The inflection between the IS and 
SD spike of the intracellular record coincided with the start of the negative 
potential change recorded by the outside electrode. The peak of this negative 
wave preceded the peak of the SD spike, and was followed by a positive po- 
tential change as in the closed-field pattern. In F1GURE 3B the action potential 
failed to invade the soma, and only the IS spike was present. In this condi- 
tion, a positive wave with a sharp rising phase was recorded extracellularly. 
This was followed by a small negativity. 

These records can be interpreted by assuming that the cell under study had 
elongated dendrites concentrated on the side of the soma opposite to the axon. 


va 
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If so, the soma would be the main source for a sink in the initial segment. 
Therefore the electrode outside of the soma would record a positivity until the 
soma itself is activated, the field of external current being an open field as for 
an action potential propagating along nerve fibers. When the soma became a 
sink, the source would be located in the dendrites and in the repolarized initial 
segment. ‘The field in this case would therefore have two zero isopotential 
surfaces, one near the axon hillock region, the second at the boundary between 
soma and the elongated dendrites. If so the potential recorded extracellularly 
from the soma would be negative during activation of this membrane and would 
become positive when the impulse propagated into the dendrite. 

The small negative wave present in the absence of invasion of the soma mem- 
brane (record B of FIGURE 4), following the positive one, could be the conse- 
quence of the rapid repolarization of the membrane of the initial segment. As 
suggested by Coombs ef al.5* a reversal of local current flow between initial 
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Frcure 6. Giant extracellular spike. In A the extracellular potential is of the giant type. 
A slight withdrawal of the parallel microelectrodes between A and B was followed by a change 
of the extracellular potential which become similar to those of FIGURE 2 E-G. In C thesame 
extracellular potential of B at higher amplification. 


segment and soma would take place as soon as the potential across the soma 
membrane exceeded that of the repolarized initial segment. 

(5) Extracellular giant spike. On a few occasions extracellular potentials 
were recorded with a time course and amplitude characteristic of the so-called 
giant extracellular spike.?"”-*4 An example of such an extracellular potential 
is shown in record A of FIGURE 6. A slight withdrawal of the microelectrode 
was followed by a dramatic change of both amplitude and time course of this 
extracellular potential, while the intracellularly recorded action potential 
showed only a small increase in amplitude (record B). In record C the gain 
of the extracellular record was increased. This potential is similar to those 
presented in FIGURES 2E to G. An explanation for the differentiated extra- 
cellular spikes recorded outside of spinal motoneurons will be given in the 


Discussion. 
Discussion 
Lorente de N6® pointed out that the surface action potential recorded from 


a nerve is proportional to the membrane action current, that is, to the density 
of the transverse membrane current flowing at the point of recording during 
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the propagation of the nerve impulse. The density of this transverse mem- 
brane current is described by the second derivative of the voltage drop across 
the membrane.?*.!517__ In the present investigation, however, the extracellular 
recording is not strictly a “surface recording” since the external microelectrode 
was not pressed tightly against the membrane as indicated by the result illus- 
trated in FIGURE 6. Moreover, because of the field effect and because the 
propagation of an antidromic impulse between the initial segment and the soma 
is not a continuous process, the extracellular potential recorded around the 
membrane of spinal motoneurons cannot be expected to be strictly proportional 
to the density of the transmembrane current nor to fit all the phases of the 
second derivative of the intracellularly recorded action potential. Only the 
time course of the last two extracellular potential changes recorded from out- 
side of the soma (the last positivity and the negativity that precedes) bore a 
close relationship to the second derivative of the intracellularly recorded SD 
spike. This point can be taken to prove that the soma membrane is active 
when the SD spike is recorded. It should be mentioned, however, that in most 
of the cases examined the amplitude and sometimes also the duration of the 
last positive wave recorded from the outside of the soma region were larger and 
longer than expected (the ratio of the inward and the outward current of the 
second derivative of the intracellular spike was bigger than the ratio of the 
corresponding potential changes recorded from the same cell). This discrep- 
ancy might be accounted for on the basis of the field effect as described under 
Results. 

Another discrepancy was sometimes observed. The peak of the extracellular 
negative wave which preceded the last positivity was late, in some cells with a 
closed field pattern of current flow, in comparison with the corresponding phase 
of the second derivative of the intracellularly recorded action potential. It is 
likely that in this case the potential change at the point of extracellular record- 
ing followed in time the potential change at the place of intracellular recording. 
Since the action potential propagates along at least some portion of the den- 
drites, there are regions producing an action potential with increasing latency. 

In the case of motoneurons with an open field pattern the time course and 
amplitude of the extracellular current recorded from outside of the soma during 
the development of the IS spike bore a close relationship to the first derivative 
of the intracellular record. This fact indicates that the soma membrane was 
passive, as will be further elaborated below. Therefore, the IS spike was due 
to the electrotonic spread to the soma of activity in the initial segment. This 
conclusion is inconsistent with the hypothesis that the IS spike is due to ac- 
tivity of the soma membrane as proposed by Fatt. 

A passive behavior of the soma membrane also explains the giant extracellu- 
lar spike, according to the analyses of Freygang” and Freygang and Frank 
However, only a restricted portion of the soma membrane near to the external 
microelectrode was passive at the time in which record A of FIGURE 6 was taken. 
If this were not so, it would be impossible to explain the dramatic change of 
the extracellular record after slight withdrawal of the microelectrode. In 
fact, the extracellular potential recorded in B and C of FiGuRE 6 is similar to 
those observed in the case of a closed field indicating that the soma membrane 


Terzuolo & Araki: Intra- vs. Extracellular Changes 557 


was active. This does not preclude the subsynaptic portions of the soma 
membrane from being “electrically inexcitable” as defined and postulated by 
Grundfest.* In this case a microelectrode placed close against a cluster of 
synaptic boutons would record a differentiated spike if the resistance of the 
leakage pathway between the tip of the microelectrode and the membrane was 
much higher than the resistance of the membrane itself. As recently pointed 
out by Wolbarsht,’® the amplitude of this spike would depend “on the ratio of 
the resistance of the portion of membrane under the electrode and the leakage 
pathway.” 

The passive behavior of the membrane may also result from the mechanical 
pressure of the microelectrode.? This possibility is supported by the results of 
Murakami et al.,° who recorded from sartorius muscle fibers using the concen- 
tric type of double microelectrode’ also used by Freygang and Frank? in their 
study of spinal motoneuron. Murakami ef al.2° found that the common tri- 
phasic extracellular potential recorded by the outside microelectrode sometimes 
becomes diphasic when the inner microelectrode impales the membrane, al- 
though a normal spike with overshoot is recorded intracellularly by this elec- 
trode. The time course of the diphasic extracellular potential is similar to the 


_ first derivative of the intracellularly recorded action potential, as expected when 


the passive membrane current becomes preponderant (cf. Expression 1 in the 
paper of Freygang and Frank’). This is also the case for the giant extracellular 
spike in record A of FIGURE 6. In light of the observation of Murakami et al.,?° 
it may be concluded that the membrane near to the external electrode was dam- 
aged by impalement of the other microelectrode, located close to the external 


one, or by the mechanical pressure exerted by the external microelectrode it- 


self. It should be emphasized that in the case of spinal motoneurons, extra- 
cellular records indicating activation of the soma-dendrite complex were usually 
observed, while only a few differentiated records were obtained. Although 
the explanations for this differentiated extracellular recording may be ques- 
tioned, there is no evidence that experimental interference can cause a passive 
membrane to become active. It should therefore be concluded that the soma 
membrane of spinal motoneurons, with the possible exception of the subsynap- 
tic portions, is invaded by the action potential. This is in agreement with the 
hypothesis stated in the introduction,*® with the results of voltage clamp ex- 
periments (T. Araki and C. A. Terzuolo, in preparation) and with the more 
recent data of Nelson et al.” 

Dendritic potentials with time course similar to those described here have 
previously been reported by other authors in different neurons." In our case, 
however, since the action potential was recorded simultaneously from the soma, 
it is quite safe to exclude the possibility that the recorded dendritic potentials 
were simply due to electrotonic spread of the action potential of the soma. 
Our results, however, do not solve the problem of how far in the dendrites the 
action potential propagates. This point, as well as the question of the speed 


at which the action potential propagates along dendritic branches can be an- 
_ swered by plotting the external field around a single motoneuron as_has been 


done by Fatt! and, more recently, by Nelson e al.” The results. of these 
authors suggest that the action potential might propagate several hundred mi- 
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crons along the dendrite. The speed of this propagation according to Fatt! is 
about 0.7 to 1 m./sec. 


J O. WM 1 GW bd 
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THE ORGANIZATION OF CORTEX WITH RESPECT TO ITS 
DAPVEREN TD SUPPLY* 


George H. Bishop 
Division of Neurology, Washington University School of Medicine, St. Louis, Mo. 


' It is obvious that the most precise information concerning nervous activity 
is obtainable from the study of single units or of small aggregations of them, 
employing arbitrary stimuli for certain accurate controls of the response. The 
complex activity of nervous system behavior often yields equivocal results, and 
a problem remains as to how the activity of neurones is organized into the more 
complex patterns of neural behavior. Information concerning the latter, from 
disciplines such as morphology, physiology, and psychology, is also stated in 
terminologies so different (each appropriate to its own point of view) that it 
is difficult to correlate one set of data with another. The following statement 
attempts to consider the activity of the vertebrate and, particularly, the mam- 
malian nervous system from as many points of view as possible in the space 
available. Chief attention will be directed toward the cerebral cortex. 
Herrick! emphasized two general aspects of function, in operational terms, 
for which he employed the designations integration and analysis. The former 
he evidently considered to be the more general or more basic or primitive 
mode of functioning. Integration consists of the focusing of several paths 
and their activities on a common pattern, in the simplest case a stereotyped 


and undifferentiated one. Analysis implies differentiation and, in a sense, the 


opposite of integration, the separate and distinctive recognition of or reaction 
to the activities initiated from different sources. Complex patterns obviously 
involve both. In complex behavior there is a third mode of functioning, the 
selection of one pattern of response from, or the making of a choice between, 
two or more possible response patterns. This mode of functioning will be 
termed here modulation, implying the biasing or redirecting of a stream of 
activity, especially when accomplished by neural activities that do not initiate 
the overt behavioral response. In some cases this may amount in effect to a 
subthreshold integration. These three terms, employed in the more general 
sense, can apply to various kinds of data, with connotations appropriate to 
different levels or degrees of complexity in the situations at hand. 

In terms of a single neurone, the activity of a pyramidal cell of the optic 
cortex exemplifies these three operations. This cell’s most specific activation 
is via the optic radiation, which projects from a circumscribed locus in the 
retina to one in the visual cortex. This function is an analytic one, designed 
to differentiate at the cortical level the details of the peripheral visual field. 
The apical dendrite of this cell receives impulses from various paths, as indi- 
cated by processes such as summation and interference when two such paths 
as cortico-cortical, thalamocortical, or callosal, are stimulated in appropriate 
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time relations2? It thus serves as an integrative apparatus. The relationship 
between activity of the apical dendrite and that of the basal portion of the cell 
is modulatory in the sense that activity in the former facilitates discharge of 
the latter’s impulses, although it appears not to initiate such activity when 
acting alone at ordinary levels of stimulation. 

Herrick described in the brain of Amblystoma two corresponding mecha- 
nisms, the basal neuropil surrounding the single layer of neurones (each making 
synaptic contact with its neighbors), and a superficial alba layer containing 
fibers to and from distant points and making contact with apical dendrites. 
Herrick termed the first an integrative mechanism; the second performs analytic 
functions in the sense of making specific connections from one locus to another. 
Orrego‘ has confirmed this physiologically in the mature turtle cortex, where 
the afferent impulses from the olfactory nerve via the bulb mitral cells, and 
from the other afferent systems via the thalamus, impinge on the apical den- 
drites of pyramidal cells. This appears to foreshadow a primitive analytic 
system differential in character, although it may with equal probability com- 
prise a modulatory system acting on bulb and thalamic functions respectively. 
An associative system of connections ending on the basal regions of cortical 
neurones spreads activity widely from a stimulated region to surrounding 
regions of cortex in the manner predicted by Herrick as an integrative process. 

Coghill’s observations!’ 2° on the activity of the amphibian larva (reviewed 
by Herrick!) and Herrick’s interpretation of its anatomy indicate that the 
most primitive system was integrative involving a center for spinal activity in 
the medulla and one for head and mouthparts activity in the brain stem. 
Stimuli applied to loci innervated from one of these regions result in a stereo- 
typed response from that level, referred to as a total pattern, and obviously 
integrative in Herrick’s sense. Two developments follow: more specific re- 
sponses appear, as reflexes or partial patterns differentiating between different 
stimuli or loci stimulated, a step toward analytic function; and relay connec- 
tions between the two centers become established with anterior dominance. 
These connections, in effect, extend the peripheral afferent path upward and 
the motor path downward. They appear to constitute initial steps in the es- 
tablishment of afferent and efferent linked paths, anticipating primitive sensory 
and extrapyramidal motor paths along the neuraxis. 

In the mature amphibian such paths, in fact, extend to and from the thala- 
mus by a further linkage, as the optic thalamus becomes a general afferent 
center for all modalities except possibly olfaction. The next stage in higher 
animals finds the cortex first acting as a general facilitatory apparatus adjunct 
to the olfactory bulb. A central region of the pallium thus originated becomes 
the general or somatic cortex, presumably developing similar relations to and 
from the thalamus. One may infer that the first stage accomplished a facilita- 
tory or modulating influence on the thalamus, still the dominant afferent center, 
such as the primitive olfactory pallium exerted on the bulb. In the reptilian 
cortex Herrick’ and Johnson? recognized some localization of function of visual, 
auditory, and somaesthetic modalities, which Herrick did not consider to be 
specific projection areas comparable to those of the mammal. These areas of 
the general or somatic cortex have been studied physiologically by Orrego! in 
the turtle, where their afferent paths terminate on apical dendrites, as do the 
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bulb mitral cell axons innervating the olfactory cortex. Another link in the 
afferent path for each modality is thus added with probable efferent connections 
to the basal ganglia as well as to thalamus. 

Several rules seem to have been followed in this evolutionary elaboration of 
the afferent paths.! 

(1) There has been a succession of “brains,” if a brain can be defined as a 
centralized collection of neurones whose function is to organize behavior in 
response to information received from the periphery. This succession has 
progressed from caudal to cephalic levels. 

(2) Each such structure develops by elaboration and extension of the sec- 
ondary nucleus of one of the main afferent modalities: somaesthetic, visual, 
and finally olfactory, with an auditory center possibly following visual elabora- 
tion at least at the brain-stem level, 

(3) The higher levels successively dominate those below, with respect both 
to afferent coordination and to motor control. 

(4) Major stages in this advance in cephalization appear to have been such 
as to enable the animal to invade at each step a new environment, in the suc- 
cessful occupation of which the one or another special sense was of primary 
importance. For example, the emergence on land from a water environment 
and the acquisition of limbs for locomotion is correlated with a demand on the 
somaesthetic afferent system permitting flexibility and variety of motor activ- 
ity. The development of the optic thalamus may be related to the increased 
dependence of the land vertebrate on visual information. The development 
of a cortex signalizes the dependence on olfaction as a major source of informa- 
~ tion enabling animals to maneuver in an environment of obscurity. 

(5) A new center acquired dominance over the levels below it by two major 
processes: an increase in competence of an afferent modality by increase in 
numbers and complexity of organization of the neurones serving it, and the 
acquisition of similar connections from other afferent systems to be coordinated 
with the modality from which the center was elaborated. 

(6) Two processes have been employed in the extension upward of afferent 
_ paths. One, a simple relay of activity from a lower to a next higher level, adds 

another link to a chain. In the other, parallel paths from the periphery that 
bypass a given relay station reach the higher level more directly. A corre- 
sponding duplication of motor paths occurs, for example, in the pyramidal 
tract operating in part on the successive levels of the older extrapyramidal 
system and in part bypassing them to reach the local cord level. 

(7) There appears to be a progressive increase of specificity of central coor- 
dination and of motor control from lower and more pimitive to higher levels, 
correlated with the successive addition of parallel paths noted above and also 
with an increase in the size of the fibers of which they consist. This appears 
to accomplish a consecutive refinement of analytic function. 

(8) The organization of the primate sensory systems bears evidence that 
even the more primitive and early developed afferent components have been 
preserved and, in the somaesthetic system at least, still mediate not only 
afferent but also sensory information. The visual system obviously fails to 
register in consciousness the activity of certain of its more primitive components 
which, however, are still present; the mammal is blind after removal of the 
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visual projection area of the cortex or a section of its path. Further details 
will be noted in relation to the sensory paths present in mammals. 


The Afferent and Sensory Paths in the M ammal 


It is well known that the afferent fibers of the peripheral nerves of vertebrates 
display a wide size distribution, from the unmyelinated (some well below 1 mu 
in diameter) to more than 20 my in the frog and turtle and nearly 20 in the 
common laboratory animals and man. This spectrum of fiber sizes shows 
successive maxima in numbers that have been designated by letters of the 
Greek and Latin alphabet, but it has become increasingly evident that fibers 
of one-functional connotation (submodality within the somaesthetic modality) 
are not strictly confined to one of the narrow ranges so designated. Neither 
are all the maxima equally distinct. Such facts have raised the question of 
the appropriateness of using the original nomenclature which was recently em- 
phasized, quite justifiably, by one of its originators.* Since the discrepancies 
noted have led to some confusion in the literature, it is emphasized that the 
original names to be employed here will be applied to ranges in the fiber spec- 
trum. These ranges overlap in functional significance on either side of the 
observable maxima so extensively that a brief review of the distributions of 
fiber sizes and of functional significance in the several afferent paths is in order. 
Mention of other criteria useful in the analysis of this distribution may further 
elucidate the relations between fiber size and the function mediated. These 
criteria will also be useful in the analysis of the afferent innervation of thalamus 
and cortex. 

Such criteria have applied primarily to the fibers in peripheral nerves, but 
measurements of the threshold and latency of response at higher levels to the acti- 
vation of peripheral nerves indicate that, to a first approximation, the higher seg- 
ments of relayed paths contain fibers of sizes corresponding to those of the nerve 
components from which they originate peripherally. A fundamental division, 
roughly on the basis of size, occurs as the dorsal nerve roots enter the cord. 
The larger-size components, including alpha and beta peaks, pass up the dorsal 
column. The larger of these (alpha range) chiefly innervate Clark’s column, 
relaying to the dorsal or neospinocerebellar tract. The smaller (beta) include 
those that synapse in the gracilis and cuneate nuclei. Others, chiefly in the beta 
range, terminate along the medullary and brain-stem reticular formation. Re- 
lays from the cuneate and gracilis constitute the medial lemniscus projecting 
to the somaesthetic area of cortex through a relay in the ventral nucleus of the 
thalamus. This path is not present in vertebrates below the mammals. It 
mediates vibration sense, touch, joint, and certain proprioceptive impulses in 
the human subject. 

Other nerve fibers, in general smaller, relay in the cord, and their postsyn- 
aptic connections ascend the lateral column in the spinal lemniscus. Five 
components of this bundle can be traced to different destinations by various 
differential techniques, incidentally giving evidence of fiber size. The exten- 
sion of the unmyelinated or C fiber path separates off in the medulla and pro- 
jects to certain of its medial nuclei’. From here it is relayed to the upper 
brain-stem-medial thalamus region, where it synapses again. How or whether 
its impulses are relayed to the cortex is not known. Its course, medullary pro- 
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jection, small size of fibers, and other characteristics, suggest that it is the 
mammalian derivative of the most primitive path of the amphibian spinal sys- 

tem. In the human subject it mediates second or “burning” delayed pain, 
temperature, and itch; in the cat some of its fibers respond to touch, not de- 

tectable as a human sensation. 
A second component, corresponding to the nerve afferents of the myelinated 
-gamma-delta range synapses in the cat in the upper brain stem, and its post- 

Synaptic response is apparently in the medial thalamus near the centrum 
medianum nucleus.? This response is present after section of the dorsal cord 
column but not after section of the lateral column. Its sensory reference is 
unknown. A third component bypasses this synaptic region and projects to 
parts of the intralaminar nuclei of the thalamus.!® It almost certainly me- 
diates pricking pain and temperature, since these are excluded from the re- 
maining divisions of the spinal lemniscus. Its fibers are described as small 

and, presumably, they correspond to the delta-range of nerve. It is probably 

the mammalian analogue of the premammalian or paleospinothalamic tract. 
A fourth component terminates more laterally, in the posterior group of 
thalamic nuclei." This region has been explored recently with microelec- 
trodes." Single cells are found there responding to stimuli at widely different 
loci of the periphery and even to different modalities, in contrast to the cells 

of the ventral nucleus. These cells and, by implication, this area represent a 
nonspecific integrative center for afferent, possibly sensory, impulses at the 

thalamic level. Destruction of the cortex, including but not confined to the 
secondary sensory area, is followed by degeneration in the posterior nuclei, 
_ which implies a relatively nonspecific projection to an association area of cortex. 
A fifth component of the spinal lemniscus parallels the medial lemniscus as it 
terminates in the lateroventral nucleus and, in fact, constitutes, with the fourth 
component, the classic spinothalamic tract of mammals. Like the medial 
lemniscus, it is not present in premammals. Since it presumably projects to 
the somaesthetic area, where pain and temperature are not represented, it may 
tentatively be held responsible for mediation of the lateral-column touch. It 
is minimally present in lower mammals, even the cat, but becomes increasingly 
prominent in primates and man,” thus offering evidence that this pathway has 
been established progressively during the evolution of the mammalian se- 
quence. 

In addition to these fiber concentrations, many other fibers distribute along 
the brain-stem reticular tissue, with not more than one fourth of the ascending 
bundle continuing as the neospinothalamic tract. A fan of fibers whose termi- 
nations spread from medulla to ventrolateral thalamus includes these more 
specific bundles, to certain of which the mediation of sensation can be most 
definitely assigned. These components show an over-all increase of fiber size 
to successively higher levels of projection. The lowest path, to the medulla, 
mediates a full complement of somaesthetic impulses, including touch, pain, 
itch, and temperature.“!5 The paleospinothalamic path to the medial thala- 
mus duplicates this range of sensations, including pricking pain, temperature, 
and touch. The neospinothalamic and medial lemniscus paths to the ventro- 
lateral thalamus duplicate again only the mediation of touch, but include other 
epicritic sensations concerned chiefly with contact with the physical environ- 
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ment. The inference that may be drawn from these circumstances is that the 
somaesthetic projection area of the cortex is concerned immediately with only 
a small fraction of the somaesthetic sensory impulses and their qualitative 
implications. 

From the various lines of evidence can be inferred at least three superim- 
posed systems of afferents, projecting most immediately to three levels of the 
nervous system and arranged in a phylogenetic sequence. The more primitive 
in derivation of these systems mediates in human subjects sensations with poor 
localization and two-point discrimination, characterized by an extreme degree 
of summation with duration of stimulus and having an intensely penetrating 
qualitative affect. The second path mediates somewhat similar sensations, 
but with better localization and discrimination. The most recently acquired 
system affords the highest degree of discrimination and differentiation, partic- 
ularly with respect to quantitative dimensions. One may see in this sequence 
an increasing capacity for differentiation or analysis, with final development of 
one area of cortex capable of distributing one group of the sensory messages 
in a most detailed array. This sequence of sensory paths corresponds to a 
progressive increase of fiber size employed for sensory mediation to levels of 
consciousness, permitting a surmise that a larger fiber is somehow more ap- 
propriate or effective for detailed analysis of the sensory input. A similar dis- 
tribution! of fiber-size components from the retina is afferent to various struc- 
tures in a phylogenetic sequence, the smallest direct to the brain stem, the next 
relayed to the thalamus, and the largest to the visual cortex. This again re- 
stricts the visual projection area primarily to discrimination of environmental 
detail. Qualitative aspects of visual sensations, such as those characterizing 
the smaller fiber paths of the somaesthetic system, appear not to be registered 
in the consciousness of the human subject. 


Stages in the Evolution of Cortex 


Four major stages may be recognized in cortical evolution. In the first 
stage (Amblystoma) the forebrain pallium is related to the olfactory system 
only. In the second stage (turtle) a general or somatic cortex, still single- 
layered, acquires similar relations to the dorsal thalamus with cortical regions 
of response for the main afferent systems presumably already represented in 
the thalamus. In the third stage there occurs in the mammalian cortex an 
increase in thickness with many layers, and the cortex also differentiates pro- 
jection areas primarily related to certain large-fiber afferent paths that, below 
the mammals, do not reach even the thalamus. This fact, the circumstance 
that previously acquired paths to the thalamus persist in the mammal, and 
the fact that some of them still mediate sensations in the human subject, imply 
the persistence in the mammalian cortex of areas analogous to the regions of 
sensory reference in the reptilian cortex. These are probably included in the 
association cortex of mammals adjacent to the specific projection areas and 
may include the so-called secondary sensory areas. A fourth stage culminates 
in the pronounced expansion of frontal and temporal lobes and other less well- 
defined regions. Results of destruction here indicate that certain of such areas 


= 
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are not primarily concerned with memory, with sensory discrimination, or with 
motor coordination, although their loss modifies behavior significantly in other 
respects. To the extent that their functioning corresponds to facilitation or 
modulation of behavior, they might be considered as more sophisticated ana- 
logues of the most primitive cortical apparatus of earlier forms, which has a 
rather nonspecific relation to the olfactory bulb system of the amphibian. 
Such tentative and problematical speculations seem justifiable in view of the 


' essential conservatism of the vertebrate nervous system, which seems to have 


progressed by adding new structures or improvements on older ones without 
losing its most primitive scheme of organization. 


The Sizes of Fibers Traversing the White Matter Under Cortex 


' Study by means of the electron microscope (in progress) of fibers passing 
to and from the mammalian cortex indicates that almost all are myelinated, 
although many are of the size of unmyelinated fibers elsewhere. Their myelin 
is lost near the terminals, particularly the myelin of the many fine fibers reach- 
ing the superficial terminations of apical dendrites. The largest fibers (except 
those below the Betz-cell area) are 12 to 144 in diameter. The same distribu- 
tion is found in the optic nerve and tract. The peak in numbers is just below 
1», and most of those found below the cat suprasylvian and visual areas, cat 
corpus callosum, and human frontal area from biopsies have approximately 
the same size distribution. In the corpus callosum, fibers in both directions 
pass equivalently, afferent and efferent, to a given cortex, obviating the distinc- 
tion between those leaving and entering it. No distinct group maxima are 
found, although in the cat optic tract two well-defined potentials appear fol- 
lowed by a remainder of lower amplitude. These three ranges are as different 
in thresholds as in conduction rates. In the corpus callosum, approximately 
85 per cent of the total number are below 3 or 4 u, 12 per cent between this and 
6 uw, and 3 per cent over 6. There thus seems to be a general similarity in all 
distributions to the cortex. In the optic nerve it is estimated that, when the 
first spike assignable to fibers above 5 or 6 u is maximally excited, the specific 
response of the visual cortex is also maximal. Other regions of the thalamus 
are activated via the second size range, and the superior colliculus and pretectal 
areas by the smaller range. 

These three ranges are similar to and reminiscent of the three major divisions 
of peripheral nerve afferents (unmyelinated, small myelinated, and large) with 
corresponding projections of pathways to the medulla, the medial thalamus, 


_and the ventral nucleus relay to the cortex respectively. In the two larger- 


fiber divisions, the sizes are larger than any fibers innervating the turtle cortex. 
These conditions in the mammal, as compared to the premammal, might be 
viewed as an acquisition by the cortex of such larger fiber components as were 
earlier developed in the peripheral systems. Not only the sensory projection 
areas but all regions of the cortex show similar distributions. This organiza- 
tion thus seems to constitute a generalized later development, in the most 
recently evolved central nervous system structure, of fiber-size distribution 
established much earlier in the more peripheral nervous structures, 
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The Afferents to Cortex 


The mammalian cortex is stratified with respect to its principal cell type, 
the pyramid cell, with larger cells below and smaller ones superficially. The 
relative fiber sizes of their axons probably correspond to cell size. Large fibers 
from the specific sensory nuclei project to the region of the fourth layer, con- 
taining larger pyramids. Smaller fibers from the nonspecific thalamic nuclei 
pass largely to higher levels of cortex where many terminate on apical dendrites. 
Thus fibers both afferent and efferent, to and from the cortex, show some degree 
of vertical stratification of fiber-size termination or origin, as well as of cell 
size. The afferent distribution in the cat is in part similar to the arrangements 
in the turtle cortex. In the latter a single layer of cells shows only minor size 
differences but receives terminals of afferents most conspicuously at two levels: 
near the cell body and on the apical dendrites. These two paths are further 
characterized in both the reptilian and mammalian cortex by the type of re- 
sponse to stimulation of each. 

In the cat, stimulation of the nonspecific thalamic nuclei induces in the cor- 
tex two types of response with different latencies presumably indicating differ- 
ent fiber sizes of the pathway. The longer latency response, typically a sur- 
face-negative postsynaptic process in apical dendrites, when stimulated at 6 
to 10 cps, appears as a recruiting series with a characteristic excitability cycle.” 
A shorter latency response, negative or sometimes initially surface-positive, 
is more or less decremental and nonrecruiting. Both paths presumably ter- 
minate on apical dendrites, the faster-conducting fibers perhaps being lower 
in the cortex than the slower. In the turtle* quite similar paths and responses 
are found. The longer latency responses are simply surface-negative and 
show recruitment on repetitive stimulation with a characteristic excitability 
increase following each response. 

The shorter latency responses are diphasic with initial surface positivity, 
and are decremental at any frequency of stimulation. The plus-minus di- 
phasicity indicates initial deep negativity with propagation upward, and such 
negativity is found to be maximal at the level of cell bodies. Stimulation of 
sensory afferents activating the cortex induces the recruiting surface-negative 
response; stimulation of the interconnections from one cortical region to an- 
other induces decremental responses. 

In addition to these types of response the mammal has a large-fiber system 
of afferents to the projective cortical areas. Stimulation of these afferents 
arouses a series of brief surface-positive spikes, which have been interpreted 
as activities of pyramidal cells at successively higher levels of the cortex. The 
spikes are superimposed on a slow wave diphasic potential that appears to 
register. upward conduction along apical dendrites. This system, absent in 
the turtle, apparently corresponds to the acquisition by the mammal of the 
new large fiber-afferent system from the dorsal cord columns. With the ex- 
ception of this system, the responses of the reptilian and mammalian cortices 
are similar enough to suggest correspondingly similar functional connotations. 

The older afferent path to the medial thalamus in the mammal, interpreted 
above as the analogue of a similar path in the premammal, mediates the lateral 
column spinal lemniscus impulses from the somaesthetic periphery. Stimula- 
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tion of the thalamic medial region where this path terminates (and of other 
so-called diffuse projection nuclei) induces at the cortical level typical recruit- 
ing responses'* that are particularly prominent in the association areas. The 
afferent paths in the turtle similarly mediate impulses to the cortex that arouse 
typically surface-negative recruiting responses, as in the mammal. From 
certain mammalian thalamic nuclei, these stimuli also arouse cortical decre- 


_mental responses, as well as recruiting responses. The decremental responses 


are of shorter latency than the recruiting ones. The following relations in the 
two cortices are suggested by these comparisons. 

First, among the recruiting circuits of the thalamocortex of mammals, one 
may seek the cortical activity induced via the more primitive sensory system 
of small fibers inherited from the prevertebrates, suggesting that the sensory 
areas of the cortex of the turtle anticipate some of the association cortex of 
the mammal. Furthermore, as the mammal has acquired fibers of larger size 
not only in the large-fiber projection areas but everywhere in the cortex, it 
may have extended the newer type of cortical activity to other than sensory 
projection areas, in fact to the whole cortex that has been differentiated in 
many other respects from the simple, more homogeneous cortex of the earlier 
forms. If the decremental responses of the mammalian cortex are to be con- 
sidered analogues of those of the turtle, their surface negativity, even when 
preceded by surface positivity, may imply that their fibers make contact more 
distally along apical dendrites from the cell bodies than in the turtle. Or, at 
the basal regions of the neurones of the mammalian projection areas, the newer 
large-fiber system may have displaced, at least in part, these older decremental 
connections to become the specific sensory mediators to these neurones. 

It may be significant in this connection that, in other than projection areas, 
stimulation of white matter below the cortex elicits either very small or no 
spikes, although an initial positive, diphasic slow potential results, similar to 
that everywhere present in the turtle. Responses of a locus of the cortex to 
stimulation of distant cortical points arouses both recruiting and nonrecruiting 
responses, chiefly surface negative, the nonrecruiting type similar to the cor- 
tico-cortical response in the turtle being the more prominent. The functional 
significance of such cortico-cortical responses cannot be defined at present, 
beyond suggesting that activity in these circuits performs a modulating func- 
tion and may contribute to the constant background activity that affects the 
excitability of sensory cortex to stimulation of its radiations. It can be dem- 
onstrated that, during such a cortico-cortical negative response activated by 
specific electrical stimulation, the excitability of visual cortex to stimulation 
of its radiation is increased. 


Summary 


In the foregoing synopsis of different approaches to what is, after all, the 
same brain, possibilities rather than firm conclusions have been presented, 
intended to emphasize the fact that the significance of one type of evidence 


is measured largely by its consistency with another. It is not yet clear to 
what extent the general operational terms suggested as applicable to various 


aspects of nervous activity as well as those applicable to activity at different 
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levels of complexity will in fact be terms adequate to advance our understand- 
ing of how the brain actually functions. 

In such a schematic review of the afferent nervous system, an infinitude of 
detail complicates to the point of obscurity any simple or general concepts of 
its over-all behavior. Even if one would grant that a general scheme laid 
down in the primitive vertebrate brain has persisted as a skeletal framework 
for the more highly sophisticated apparatus of the mammal, it is apparent 
that the mammal has acquired not only more brain but more functions and 
more neurological mechanisms back of them. A first approach appears to be 
to identify what functions are primitive or inherited from the premammal. 
We may then hope to identify in more detail what has been added since, and 
how the additions modify or amplify the more primitive functional patterns. 

By making analogies between reptilian and mammalian brains, pending 
more detailed study, one may infer as to what areas of the mammalian cortex 
and thalamus the more primitively developed paths are more immediately 
related; it may even be possible to project what thalamocortical activities 
they initiate. The paths from the smallest fibers of peripheral nerves, traced 
upward through the reticular formation, may be expected to relate to brain- 
stem “activating” functions. Medium-sized spinal lemniscus fibers seem to 
be aimed at what are usually considered to be association areas. The specific 
projection areas, each innervated chiefly from a large-fiber component, may 
be looked upon as an extra link in a path whose final target includes the more 
primitive association areas also innervated by paths earlier established. These 
three systems of afferents presumably overlap there, and are interrelated in 
the substrate of consciousness. 

In any event, each successively developed brain appears to operate by some 
of the same general processes, however complicated by adaptive detail, and 
with increased effectiveness, at the cost of increasing complexity of an organiza- 
tion culminating in cortex and subjective behavior and finally, to some extent, 
dissociated from motor activity. 
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ELECTROPHYSIOLOGICAL PROPERTIES OF AN 
ARCHICORTICAL NEURON 


E. R. Kandel* and W. A. Spencert 


Laboratory of Neurophysiology, National Institute of Mental Health, 
Public Health Service, Bethesda, Md. 


The detailed understanding of the electrophysiology of central neurons de- 
rives primarily from the extensive intracellular microelectrode studies of the 
spinal motoneuron.2"3419.22.39.56 The important model derived from these 
investigations has already proved applicable to the neurons of a variety of sub- 
mammalian species: the supramedullary cell of the pufferfish,* the giant gan- 
glion cell of A plysia,**** and the sensory neuron of the crayfish."* By contrast, 
the test of the motoneuron model in mammals has been largely limited to other 
nerve cells of the spinal cord (for example, Clarke’s column and interneu- 
rons).!.26 In particular there is a paucity of information about cortical neurons. 
It is indeed difficult to obtain intracellular recordings in the mammalian cortex 
due, in large part, to the small size of most cortical cells and to brain pulsation. 

The present series of investigations received their impetus from Phillips’ 
success in impaling the neocortical Betz cell.“-*.** By activating these cells 
antidromically, Phillips was able to show that the steps in the production of 
the antidromic spike were similar to those in the spinal motoneuron. He 
demonstrated further that excitation occurred with depolarization and inhibi- 
tion with hyperpolarization. 

Since the Betz cell is an unusually large-sized and fairly specialized neocorti- 
cal motor cell, it seemed advantageous to test the motoneuron model on another 
cell that is both morphologically and functionally different. The hippocampal 
pyramidal cell was selected for study because it is a more typically correlational 
neuron, that is, it does not have specific motor or sensory functions and it is 
part of the archi- rather than the neocortex. 

The hippocampus is a particularly favorable cortex for single unit analysis. 
It is directly accessible following suction removal of the overlying part of the 
hemisphere. Therefore gross stimulating and recording electrodes can be 
placed under direct vision on various portions of the exposed archicortex. The 
absence of pial covering permits multiple electrode penetrations to be made 
rapidly and easily. The relative simplicity of the cellular architecture and 
its constancy throughout the mammalian class have traditionally attracted 
the attention of morphologists. Consequently the anatomy and hodology of 
the hippocampus are particularly well described.7 8:40.45.46 The somata of the 
primary neurons, the pyramidal cells, are clustered in a tightly packed layer 
(FIGURE la). These neurons send their axons into alveus, fimbria, and fornix, 
an outflow tract that is readily accessible for stimulation (FIGURE 1b). The 
pyramidal cell can therefore be activated antidromically and identified electro- 
physiologically. There are also available two orthodromic pathways to the 
pyramidal cells and an extensive system of recurrent collaterals. 


* Present address: Department of Psychiatry, Harvard Medical School, and M hu- 
setts Mental Health Center, Boston, Mass. Aus oe 


} Present address: Istituto di Fisiologia, Universita di Pisa, Pisa, Italy. 
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In addition to the advantages offered by the general organization of the 
archicortex, the pyramidal neurons possess a certain morphological simplicity. 
In contrast to spinal and other cortical neurons the pyramidal cell has two 
discrete and clearly separate dendritic systems: a basilar system that con- 
verges upon the axonal pole of the cell body, and an apical system that con- 
verges upon a short unbranched dendritic stalk. 

In the discussion that follows we shall focus on three areas of investigation. 
First, we shall describe the relation of excitatory postsynaptic potentials to 
solitary and repetitive firing and discuss some properties of an extensive intra- 
hippocampal inhibitory system. Next, we shall consider the steps in the pro- 
duction of the pyramidal cell spike. The emphasis here will be on a new find- 
ing, a spike generated in a portion of the dendritic tree of these cells that seems 
to act as a booster mechanism for more remote dendritic synapses. Finally, 
we shall consider a more specifically cortical problem: how the pyramidal cell 
behaves during hippocampal seizure. 

The experiments were performed on anesthetized (Evipal), paralyzed (suc- 
cinylcholine or Flaxedil) cats. Intracellular recordings were obtained with 
ultrafine K+ citrate electrodes connected to a Bak negative capacitance cathode 
follower.2 A wheatstone bridge was used to inject current through the pipette 
(FIGURE 1c). The criteria for the selection of the data and the operative and 
other experimental details are described elsewhere.*:**: The analysis de- 
scribed below is based upon stable recordings from approximately 100 cells. 


Synaptic Excitation and Inhibition 


FicureE 2 shows the transmembrane voltage changes recorded from a py- 
ramidal cell following single shock stimulation of the subiculum. This volley 
activates the perforant pathway, which is the major afferent tract to the hippo- 
campus. A weak shock gave rise to a small depolarizing, excitatory, post- 
synaptic potential (uppermost trace). With a slightly stronger shock the 
synaptic potential was increased in amplitude but was still subthreshold for 
spike generation (second trace). The long latency and time course of this 
excitatory postsynaptic potential (EPSP) suggests that it is neither monosyn- 
aptic nor synchronous. At slightly greater stimulus strength, the EPSP 
reached a critical firing level (in this case 5 my) and an action potential was 
generated (third trace). When supraliminal or prolonged synaptic depolariza- 
tion occurred, repetitive firing was initiated. This ranged from double or 
triple spikes (fourth trace) to more prolonged bursts containing five spikes 
(fifth trace). 

The action potentials of the pyramidal cell were found to range up to 110 
my, with a mean of 70 mv. The average resting potential was 50 mv and the 
average spike duration was 1.84 msec. The action potential was followed by 
a depolarizing after potential of approximately 10 mv amplitude and 23 msec. 
duration. On the basis of their responses to antidromic stimulation, all im- 
paled cells could be categorized into two groups: identified pyramidal and uni- 
dentified neurons. Both groups proved to have remarkably similar proper- 
ties.” Two distinctive features of these membrane parameters distinguish 
the pyramidal from the Betz and motor horn cells: the presence of a significant 


SUBICULUM 


20 MSEC. 


Freure 2. Single shocks to the subiculum in an identified pyramidal cell. The upper- 
most trace shows a very weak shock, A slightly stronger shock is shown in the second trace; 
note the long latency and time course of the EPSP. A slight increase in stimulus strength 
(third trace) brings the EPSP to the threshold for spike generation. The fourth and fifth traces 
show supraliminal synaptic depolarization initiating repetitive firing. 
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depolarizing afterpotential (DAP) and the absence of a hyperpolarizing after- 
potential. 

The orthodromic patterns evoked by subiculum stimulation are similar to 
those occurring during the spontaneous firing of the pyramidal cell. FIGURE 
3 (upper trace) illustrates the spontaneous firing of a pyramidal cell in a lightly 
anesthetized preparation. F1GuRE 3 (lower trace) is an extracellular recording 
made under comparable conditions of anesthesia. In both instances the firing 
pattern consists of solitary and multiple firing. | 

The existence of these distinctive bursts raised the question of whether this 
repetitive firing was maintained by unusually large synaptic potentials or 


A 


50 MV 


100 MSEC. 


Ficure 3. A comparison of firing patterns recorded intracellularly (A) and extracellu- 
larly (B). The time line for the lower trace is 60 cps. An isotonic Nach fled glass pipette 
with a diameter of 8 u, was used to obtain the extracellular record. Negativity in the extra- 
cellular record is indicated by an upward deflection. 


whether part of the underlying depolarization could be attributed to the 
addition of DAPs. 

By passing increasing amounts of current through the microelectrode it 
proved possible to simulate the entire range of spontaneous firing patterns and 
to study, in a controlled manner, several of the mechanisms involved in the 
repetitive firing of the pyramidal cell. FrcureE 4 summarizes the results 
obtained by direct stimulation under three different conditions. The repeti- 
tive firing in FIGURE 4a occurred in response to a 250-msec. constant depolariz- 
ing current pulse. Upon completion of the burst the membrane repolarized 
The potential difference between the bridge unbalance after the burst and the 
peak of the slow depolarization cannot be accounted for by pipette current. 
This argument is further supported in situations in which no polarizing current 
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Ficure 4. (a) A burst response to a 250-msec. depolarizing pulse injected through the 
microelectrode. ' At the completion of the burst the membrane repolarizes. (b) Rebound 
responses to hyperpolarizing pulses: single-spike rebound (Jeff) to a moderate-intensity pulse, 
and a burst rebound (right) to a slight increase in the intensity of the hyperpolarizing pulse. 
The arrows indicate “on” and “oft” artifacts. The time course of the membrane potential 
change is distorted because of capacitative artifact. (c) Continuation of the burst following 
depolarizing pulses: (eft) a weak pulse, and (right) a slightly stronger’ pulse. The arrows 
indicate “on” and “off” artifacts. 
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is injected by the micropipette. In ricuRE 46 (left) a single spike is shown to 
occur as a rebound to a strong hyperpolarizing pulse. When the intensity of 
the hyperpolarizing pulse was increased (FIGURE 40, right), a rebound repeti- 
tive burst was triggered. Ficure 4c (left) demonstrates a burst in response 
to a brief depolarizing pulse. When the depolarizing pulse was increased 
(duration remaining constant), the burst continued for 50 msec. after the 
“off” (rIGURE 4c, right). In both the rebound to hyperpolarizing current and 
maintenance after cessation of depolarizing current, the underlying depolariza- 
tion and repetitive firing are maintained in the absence of polarizing current.* 

The evidence therefore suggests that the excitatory state underlying repeti- 
tive firing in the pyramidal cell can be maintained by the summation of DAPs.* 

An attempt was also made to analyze the limiting factors in the repetitive 
firing of the pyramidal cell.#! The arguments that were advanced favor the 
concept that the maintained depolarization depresses the spike generator and 
limits both frequency and duration of the burst, presumably by inactivation 
of the Na* carrier.?® 

The other afferent input to the pyramidal cell employed in these studies 
was the fornix. Here the situation is more complicated because the fornix 
is a mixed tract and carries predominantly hippocampal efferent fibers. The 
voltage changes following single shock stimulation to the fornix are illustrated 
in FIGURE 5. The top trace in FIGURE Sa illustrates the antidromic spike. 
When the stimulus strength was slightly reduced (second trace), the spike 
was generated orthodromically. Its latency was then increased by 1 msec. 
and it was preceded by an EPSP that brought the membrane. potential to 
the firing level. With subthreshold volleys the time course of the EPSP be- 
came evident (third trace). A slower sweep (fourth trace) demonstrated a 
prolonged hyperpolarizing postsynaptic potential following the relatively brief 
EPSP. In response to single fornix volleys the EPSP was usually small or 
altogether absent. \ It could, however, be made evident with repetitive stimuli 
(FIGURE 19). By contrast, the hyperpolarizing postsynaptic potential was 
invariant. 

The two traces of FIGURE 5b summarize some of these characteristics of the 
synaptic convergence upon a single pyramidal cell. A single subiculum shock 
gives rise to an EPSP that generates a spike (upper trace); a shock to fornix 
causes synaptic hyperpolarization that prevents cell firing (lower trace). 

Synaptic hyperpolarizations in hippocampal neurons are similar to those of 
other cells.* Following the convention established in the investigation of the 
motoneuron, these hyperpolarizations will be referred to as inhibitory post- 
synaptic potentials (IPSPs). As illustrated in FIGURE 6a, IPSPs interrupt 
spontaneous firing. During the peak of the synaptic hyperpolarization the 
current required for threshold stimulation is increased by a factor of three or 

*It must be pointed out that membrane events that result from previously injected cur- 
rents continue after a direct pulse. A passive decay determined by the membrane time con- 
stant follows the depolarizing pulse. A depolarizing ‘overshoot’? may follow the cessation 
of a hyperpolarizing current.” It would seem that the magnitude and duration of either 
decay or “overshoot” account only in small part for the long-lasting and large depolarizations 


described in FIGURE 4. These small, extrinsically produced membrane depolarizations may 


trigger the burst; they seem insufficient to explain either the magnitude or the duration of the 
maintained depolarizations. 
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more (from a rheobase of about 3 X 107’ amp. to one of more than 10 X 
10-9 amp.). Hyperpolarizing PSPs were noted to invert to depolarizing 
PSPs when KCl electrodes were used. F1GuRE 66 is an example of this effect. 
Presumably it is due to the diffusion of Cl into the cell, since the inversion 
did not occur when K* citrate electrodes were used. This finding has previ- 
ously been noted for motoneuron! and for the cells of Clarke’s column." In 
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a 


20 MSEC. 


b 


Ficure 6. IPSPs in an identified pyramidal cell. The spontaneous firing (a) of a pyram- 
idal cell is interrupted by a first weak shock to the fornix, which produces a small IPSP. The 
second, stronger, shock triggers an antidromic spike and a larger and longer-lasting IPSP. 
The inversion of a hyperpolarizing to a depolarizing PSP, using a KCl electrode, is shown in 
b. Trace 1 indicates the initial PSP before inversion (lower) and the final PSP after inversion 
(upper). Trace 2 shows the sequence of inversion with superimposed fine line tracings. 


the latter two groups of cells the generation of IPSPs has been attributed to a 
transiently increased permeability of the subsynaptic membrane to chloride 


and other small ions. Our data suggest that similar ionic mechanisms prcduce 
the IPSPs of pyramidal cells. 


The inversion of the IPSP by the diffusion of Cl- into the cell is of particu- 


lar interest because it clearly demonstrates the existence of inhibition by 
chemical transmission at this pyramidal cell synapse.! 4 
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Since the fornix carries both afferent and efferent fibers (FIGURE 7a, top) 
experiments were performed in animals with deafferented fornices to determine 
whether the IPSP represents orthodromic (direct) or antidromic (collateral) 
inhibition. Deafferentiation was accomplished by operative section of the 
fornix and commissure. Degeneration of the afferent fibers occurred within 
10 days. The fornix was then a purely efferent pathway comparable to a 
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Ficure 7. Schematic representation (a) of the afferent, efferent, and recurrent collateral 
fibers in the intact (diagram 1) and the deafferented (diagram 2) fornix. In } are shown 
antidromic volleys in the intact-(1) and deafferented (2) fornix. The upper traces in 1 and 2 
illustrate the antidromic spike and the afterhyperpolarizations. The lower traces, produced 
in each case by a weaker fornix volley, demonstrate the IPSPs in isolation,” The IPSPs 
following stimulation of the deafferented fornix are shown in ¢c. Group 1 is a superimposed 
tracing of antidromic spike and subthreshold volley to the fornix, illustrating that the onset 
of the IPSP occurs during the antidromic spike. Group 2 is a family of IPSP tracings at 
different stimulus strengths. Note that latency is relatively independent of stimulus strength. 
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spinal ventral root (FIGURE 7a, bottom). The pyramidal cells are unaffected 
by fornix deafferentation.2° The details of this procedure and of the ana- 
tomical and physiological controls used are described elsewhere.” 

Ficures 76 (left and right) show an antidromic spike from pyramidal cells 
in an intact and in a deafferented fornix preparation respectively. In both 
cases the spike was followed by a hyperpolarization that persisted when the 
stimulus was reduced below the threshold for the axon of the impaled cell. 
Since they persist in the absence of a spike, the hyperpolarizations in each 
case are clearly PSPs and not afterpotentials. Latency, time course, and 
magnitude of the IPSPs are similar. This indicates that stimulation of the 
antidromic pathway is capable of activating a powerful system of collateral 
inhibition. 

The latency of the IPSP to stimulation of the deafferented fornix was con- 
sistently brief. When preceded by an antidromic spike, the IPSP began dur- 
ing the course of the action potential, thus distorting its descending limb and 
masking its depolarizing afterpotential (FIGURE 7c, left). The latency was 
relatively independent of stimulus strength. The family of IPSPs traced in 
FIGURE 7c (right) represents responses from the same cell at different stimulus 
intensities. These latency measurements suggest that the IPSPs represent 
activity in nearby, rather than remote, collaterals. 

When repetitive stimuli at frequencies of 10 to 60 per second were delivered 
to the deafferented fornix, intracellular recordings consistently showed pro- 
longed and sustained hyperpolarization associated with cessation of spike 
generation. The hyperpolarization lasted as long as the tetanus was main- 
tained (FIGURE 17, lines 1 and 2). 

The early EPSP observed with volleys to the intact fornix was not noted 
upon either single or repetitive stimulation of the deafferented fornix. This 
finding suggests that the EPSP is mediated by fornix afferent fibers. 

It seems reasonable to ascribe the intracellularly recorded steady voltages, 
which occur upon repetitive stimulation of the fornix, to the superimposition 
and summation of individual PSPs. Such summation, which implies the ab- 
sence of refractoriness, has been seen in a wide variety of preparations™ and 
is a mode of neuronal operation closely analogous to that seen in response to 
natural stimuli. The polarity of this intracellular DC shift depends upon 
whether EPSPs or IPSPs are superimposed.” 

These electrophysiological data, which demonstrate the existence of power- 
ful synaptic inhibitory effects due to the selective stimulation of fornix efferent 
collateral axons, are consistent with the anatomical studies of Cajal’ and 
Lorente de N6.* These studies indicate that the fornix carries predominantly 
efferent fibers and that most of these axons give off recurrent collaterals within 
the hippocampus. The recurrent collateral axons form two massive systems, 
the Schaffer (transverse) collaterals that relate the fields of various segments 
of the hippocampus, and the longitudinal (axial) collaterals that associate 
different segments of the hippocampus. 

While the function of this hippocampal inhibitory feedback system is ob- 
scure, its role in both normal and abnormal (vide infra) behavior of the hippo- 
campus must be taken into consideration in any theoretical treatment of this 
structure. The general importance of inhibition in the integrative function 
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of the spinal cord has long been appreciated,“® and the occurrence of both di- 
rect and recurrent inhibition has now been exceedingly well documented.“ 
The existence of comparable and perhaps even more powerful inhibitory sys- 


tems in cortical and subcortical nuclei has only recently become evident.!:%: 
41 44,47 


Steps in the Production of the Hippocampal Neuron Spike 


We shall first consider the pattern of sequential two-step invasion familiar 
from the study of the motoneuron.?*419,22,39 

Following antidromic, orthodromic, or intracellular stimulation, the spikes 
of hippocampal neurons manifest an inflection on the rising phase of the action 
potential similar to that seen in motoneuron spikes. Following the notation 
introduced by Fuortes e al.,”? the small action potential will be designated as 
the A spike, the large one as the B spike, and the total complex as the AB spike. 
Similarly, the areas giving rise to each of these spikes will be denoted A and B 
respectively. 

This break in the ascending limb of the action potential was most clearly 
evident when two antidromic shocks were used and the stimulus interval gradu- 
ally decreased (FIGURE 8). After an interval of 14 msec. the break in the as- 
cending limb was more pronounced in the test than in the conditioning response 
(uppermost trace). At a critical firing interval of 12 msec., the B spike failed 
to fire and the isolated A spike was unmasked (second trace). In order to esti- 
mate the contribution of field potentials generated in the volume conductor by 
activity in neighboring cells, a subthreshold shock was delivered and the “‘out- 


side” potential recorded (third trace). This potential was then algebraically 


subtracted from the spikes of the second trace to obtain a more accurate record 
of their time course (lowest trace). 

The AB break of the pyramidal cell spike can also be emphasized by differen- 
tiating the action potential with respect to time.!? FiGuRE 9 shows the be- 
havior of a cell following antidromic, orthodromic, and direct activation. The 
simultaneously recorded electrical derivatives appear below the action poten- 
tials. All three derivatives show a break marked by the arrow. This is most 


_ pronounced in the antidromic record (see also FIGURE 14). Similar breaks 


tial 


were observed in spontaneously occurring spikes. 

Sequential invasion with different modes of activation, similar to that seen 
in the pyramidal cell, has been demonstrated in a variety of neurons.?*)>: 
10,11 ,14 ,16-19 ,27 ,39 ,43 44,53 ,55 ,56 

The evidence is strong, albeit indirect in the motoneuron,®”»>>* that the A 
area is located in the axon and that its low threshold (10 mv), compared to the 
B area (30 mv), makesit the trigger zone of theneuron.* Eccles has suggested" 
that the A area is in the axon hillock and initial segment and the B area is in 
the soma-dendritic membrane; this separation of the trigger zone from soma 
and dendrites: has functional significance; an impulse that could be gen- 
erated anywhere over the soma-dendritic membrane would favor the action 
of strategic groupings of excitatory synapses and could lead to a breakdown of 
the integrative function of the neuron. S 


* For three particularly elegant documentations of this point in isolated peripheral neurons 
see Bennett, Edwards and Ottoson,* and Tauc.% 
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Ficure 8. An intracellular recording from a pyramidal cell showing two steps in the 
production of the antidromic spike, as revealed by the two-shock technique (see text for 
details). The third tracing shows a recording made when the stimulus intensity was sub- 
threshold for the axon of this cell and represents the contribution of neighboring cells to the 
recorded potential. The bottom tracing is an algebraic summation of the second and third 
tracings and reveals more accurately the configuration and time course of the spikes. 
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The finding that impulse initiation usually occurs in the A area with different 
modes of activation prompted an investigation of the firing level of hippocampal 
neurons. If certain generally accepted assumptions” are valid for the pyram- 
idal cell, the firing level should be constant with different modes of activation. 
This, in fact, was the case in 75 per cent of the units studied.*® Again, this 
finding is essentially similar to that presented by Frank and Fuortes*! and by 
Eccles“ for the motoneuron and suggests that in archicortical neurons, as well, 
impulse initiation occurs when the trigger area membrane is depolarized to a 
critical firing level. It is therefore unnecessary to postulate any additional 
mechanisms for impulse initiation. 

In 25 per cent of the hippocampal neurons studied, a more complex process 
underlying impulse initiation occurs that reveals a significant difference from 
the general pattern described. The unique additional feature is the presence 
of a third step immediately preceding the development of the A spike. This 
intermediate depolarizing step has been called a fast prepotential (FPP) to dis- 
tinguish this fast step from the slow graded (synaptic) potentials that usually 
precede the A spike. Evidence will be presented to the effect that this step is 
an all-or-none spike generated within the dendritic tree of the neuron. This 
spike represents the activity of another trigger zone that permits the depolariza- 
tions generated within the remote dendritic portions of the neuron to affect the 
A area, the final common trigger zone.*! 

Ficure 10 illustrates spikes showing typical fast prepotentials. The dis- 
continuity between the FPP and the rest of the spike is indicated by arrows. 
This break is more constant than the level at which the FPP rises out of the 
graded slow prepotential (FIGURE 10b). Note that the FPPs superimpose ex- 
actly. The slow prepotentials often appeared in subliminal forms, but the 
FPPs were always associated with full-blown spikes except in obvious injury 
discharges. To accentuate the discontinuity between the FPP and the rest of 
the spike, weak hyperpolarizing currents were passed through the microelec- 
trode during spontaneous activity (FIGURE 10c). When a spontaneous dis- 
charge occurred during this pulse, it often showed a slightly more pronounced 
break and occasionally the FPP could, in this manner, be disclosed in isolation 
(see FIGURE 12). While FPPs frequently became evident during injury, many 
of the units exhibiting them were among the most stable in our series and least 
suspect of injury. Although the FPP was constant in its dimensions in a given 
unit, as shown in the superimposed tracings of part 6 in FIGURE 10, there was 
considerable variability between different cells. Because of this variability we 
are making an explicit assumption that the FPP represents qualitatively the 
same kind of potential change in all cells. 

Units that were fired by a FPP frequently were also triggered by a slow pre- 
potential. In these circumstances both the slow and the fast prepotentials 
reduced the membrane voltage to the same critical firing level (as shown in 
FIGURE 14a). 

Attempts were made to determine whether an AB inflection also occurred in 

* The assumptions are as follows: (1) the i i i : 
the recorded cata potential changes hte SOLEDtie Sbatge kt che Seana a gee 


generation occurs when the membrane of the A area is depolarized to a critical | 
of the source of the excitatory current.!4?! ; ia els 
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those spikes that exhibited a fast prepotential. FIGURE 11 illustrates the ex- 
istence of such an AB break. 

Ficure 12 illustrates FPPs revealed in isolation by passing hyperpolarizing 
pulses during spontaneous discharges. To the right, the time course of these 
isolated FPPs is indicated by the solid line with long dashes at the end. The 
last part of the line is dashed because of the uncertainty in judging the baseline 


Ficure 11. Presence of an AB break (wpper arrows) in association with an FPP (J 

; eins eee ower 
arrows). ‘The baseline (indicated by the dashed line) is diagonal, because this is a Re of 
a horizontal sweep made on moving film. The superimposed tracings are shown to illustrate 
the change in slope of the rising phase more clearly. Unidentified unit. 


on which these small prepotentials ride. The dotted line in part c depicts ap- 
proximately what the falling phase of the FPP would be if it occurred purely as 
a passive restitution of membrane potential. This is the average value of the 
membrane time-constant for this cell, as determined by bridge unbalance. 
Note that the early falling phase of the FPP is considerably more rapid than 
purely passive decay, as measured by our technique.* 

* This argument is weakened by the fact that the time-constant measurements were made 


with pulses that lasted longer (4 to 100 msec.) than the FPP (<2 m i 
I 1 ) : BeCi)e) a 
of the potential following a very brief current pulse might indeed be rae eahia then theirs 
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Ficure 13 shows the same unit discharged both by a depolarizing intracellu- 
lar pulse (top record in part a) and as a rebound to hyperpolarizing pulses (sec- 
ond and third records in part a). It was not possible to identify an FPP in 
either of these two upper responses. In the bottom record, the FPP of a re- 
bound spike is made evident by virtue of the refractoriness engendered by a 
spontaneous discharge occurring just before the “‘off” of the pulse. Data such 
as these suggest that the FPP may sometimes appear in an occult form under 
conditions that favor rapid development of the full spike without obvious de- 
lays. Part 6 of FicuRE 13 illustrates cases in which an FPP was evident in 
rebound discharges following hyperpolarizing pulses, during which there were 
no spontaneous discharges. The intensity of the hyperpolarizing current was 
varied by small increments near the threshold for rebound excitation. Note 
that the FPP does not appear in any form that is subliminal for full spike gen- 
eration and that, when elicited, the FPPs have uniform slope and uniform in- 
flection with the rest of the spike. 

There are, therefore, several observations that suggest that the FPP is gen- 
erated by an electrically excitable membrane somewhere within the impaled 
neuron: (1) FPPs appeared in an all-or-none manner as a rebound to intracellu- 
larly applied currents, which are generally assumed to be effective only on the 
impaled cell'*:4; (2) FPPs never appeared at amplitudes that were subliminal 
for spike generation; and (3) FPPs in a given unit always exhibited constant 
slope and inflection with the rest of the spike. 

The location of this responsive membrane now becomes of considerable in- 
terest. Experiments using antidromic volleys, an example of which is illus- 
trated in FIGURE 14, gave a partial answer to this question. 

The top line of F1cURE 14a shows three spikes: (1) a spontaneous discharge; 
(2) an antidromic spike to stimulation of the fimbria; and (3) a spike arising 
out of the late phase of the IPSP generated by the fimbrial volley. In the sec- 
ond and third lines, spikes 1 and 3 are progressively enlarged to facilitate com- 
parison between them. Note that spike 1 was generated when the slow pre- 
potential reached the firing level indicated by the horizontal line. Note also 
that this same firing level was achieved in the initiation of spike 3 but that, in 
this case, it was accomplished by a fast prepotential. The FPP itself was 
initiated at a level of depolarization nearly 10 my below the usual firing level. 
In part 6 the same unit is displayed in such a way as to reveal the A B break with 
both direct and antidromic activation. The bottom tracings are corresponding 
derivative records that accentuate the break. Note especially that there is 
nothing corresponding to a fast prepotential in the antidromic spike. It was im- 
possible to detect a discontinuity suggestive of a fast prepotential on any anti- 
dromic spikes using either the two-shock technique or superimposed hyper- 
polarizing pulses.4.19.20,22.82..89 : 

The failure to demonstrate the FPP in response to antidromic volleys makes 
it unlikely that the FPPs arise from the axon, as does the M spike in the moto- 


by the dotted line in ricurE 12. Conversely, spatial considerations tend to strengthen the 
argument that the early falling phase of the FPP is too rapid to represent a purely passive 
restitution of the membrane potential, since the FPP is most likely generated some- distance 
from the soma while the current pulse is applied through an intrasomatic electrode (see 
Spencer and Kandel® for detailed discussion). 
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neuron, for example.“ Conditions during antidromic activation are, if any- 
thing, much more favorable for disclosing an M spike than those that prevail 
during orthodromic activation, yet the FPP was not seen with the former but 
was seen with the latter. The small amplitude of the FPP and the fact that 
it can be generated during soma hyperpolarization (FIGURES 12, 14, and 15) 
make it unlikely that the FPP arises within the soma. Therefore, by a process 
of elimination, it appears that the most likely site of origin of the FPP is neither 
in the axon nor in the soma, but probably at some point within the dendritic 
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Ficure 13. (a) Spikes generated by a depolarizing intracellular pulse (top record) and as 
arebound to hyperpolarizing pulses (lower two records). The spontaneous discharge occurring 
during the hyperpolarizing pulse in the third record made the cell partially refractory during 
the rebound discharge, and this emphasized the break between the FPP and the rest of the 
spike (indicated by diagonal arrow). The current strength was approximately 3 to 5 & 107 
amp. (b) Tracings of the FPPs occurring as a rebound to the hyperpolarizing pulses of 
“threshold-straddling” intensity. Note the all-or-none characteristics of the FPP. Un- 


identified unit. 


tree of these cells. Because of the small amplitude of the FPPs, however, it 
must also be postulated that these responses block before conducting to the 
soma. 

Attempts to localize more precisely the site of generation of the FPPs within 
the dendritic tree are illustrated in the following series of experiments. FIGURE 
15 shows an FPP arising in response to orthodromic subiculum volleys. Part 
a of this figure illustrates orthodromic volleys evoked during the passage of 
weak hyperpolarizing current. Trace 1 is a complex diphasic synaptic poten- 
tial elicited by a single shock to the subiculum. In trace 2, a spike produced 
by a slightly stronger shock is shown. The arrow is directed toward an inflec- 
tion on the rising phase of the spike. As is evident in the superimposed fine 
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line tracings of trace 3, the level of this inflection is considerably above the 
crest of the synaptic potential produced by the subliminal shock. It is pre- 
sumed, therefore, that the inflection indicates the presence of a fast prepotential, 
It was possible to strengthen this inference by utilizing stronger hyperpolarizing 
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Ficure 14. (a) The FPP associated with the IPSP. The top record shows a sequence 
of three spikes. The first is a spontaneous discharge not associated with an FPP, the second 
is an antidromic response to fornix shock, and the third is a discharge occurring during the 
late phase of the IPSP that follows the antidromic spike. This third discharge is initiated 


by an FPP. The second and third line in @ show progressive enlargements of spikes 1 and 3. 
See the text for further details. 


(b) Direct (left) and antidromic (right) responses of the same unit. Note the presence of 
an AB break, but the absence of FPP in both records. Identified unit. 


currents and varying the strength of the subiculum shock to elicit the fast pre- 
potential in isolation, as shown in trace 2 of part b. The strong hyperpolarizing 
pulses that were necessary (about 1 X 10-® amp.) produced considerable dis- 


tortion of the baseline. The prepotential corresponds to the inflection on the 
full spike indicated by the arrow in trace 3b and in the superimposed fine 
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line tracings of trace 4b. Note that the fast prepotential isolated in this way 
exhibits a time course similar to that shown in FIGURE 12. 

: The fact that subiculum volleys, which presumably would involve activity 
in the perforant pathway, did evoke short latency FPPs favors the notion that 
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Ficure 15. Orthodromic production of an FPP following a single shock to the subiculum. 
Trace 1 in a shows the complex diphasic subliminal synaptic potential; trace 2 shows the 
orthodromic spike with the FPP indicated by the diagonal arrow; and trace 3 shows fine line 
superimposed tracings of the first two traces. Traces 1 to 4 in 6 show orthodromic responses 
similar to those in a, but produced during passage of strong (approximately 107° amp.) 
hyperpolarizing current, which distorts the baseline. Traces 1 and 3 are analogous to traces 
1 and 3 in a, but trace 2 in 6 shows the F PP riding in isolation on top of the synaptic potential. 
Trace 4 (b) shows the fine line superimposed tracings of the first three lines in 6. Identified 


unit, 
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the FPPs arise within the apical dendritic tree, since this is the first point of 
impingement of this hippocampopetal system. 

As may be appreciated by comparing FIGURES 2 and 15, there is a great 
variability in the latency and configuration of the PSPs generated in response 
to stimulation of the subiculum. These variations depend upon the site of 
stimulation and the stimulus parameters. Although all shocks to the subicu- 
lum probably excite the perforant pathway, this pathway engages several com- 
plex intrahippocampal circuits that, in turn, may produce pyramidal cell dis- 
charge.® Probably only the shortest latency responses, such as those in FIGURE 
15 represent activity produced directly by the perforant pathway upon apical 
dendrites. 

In his studies of dendritic structure in neocortical pyramidal cells, Sholl*® has 
treated the apical and basilar dendrites as two separate systems converging 
upon the main bifurcation of the apical dendrite and soma respectively. Golgi 
stains of hippocampal pyramidal neurons suggest an even more clear-cut divi- 
sion into two separate dendritic systems.” It has been suggested by Eccles“ 
that the main apical dendritic bifurcation would be a particularly favorable 
location for dendritic spike production since PSPs generated on the dendritic 
branches would electrotonically summate at this bifurcation. In suggesting 
this mechanism for the production of FPPs in hippocampal neurons, it is also 
necessary to postulate that the spike does not conduct regeneratively all the 
way down the main dendritic shaft to the soma, since the prepotential is of 
small amplitude and is not blocked by hyperpolarizing currents sufficient to 
block the rest of the spike (FIGURE 12). It seems reasonable to suggest that 
the prepotential represents a spike localized to a rather restricted portion of 
the dendritic tree at some distance from the soma. 

In FIGURE 16 anattempt has been made to represent diagrammatically a possi- 
ble functional role for the FPP. It is proposed that the neuron have two loci, 
the A area and the main apical dendritic bifurcation, which serve as trigger 
zones for the basilar and apical dendritic systems respectively. The FPP is 
presumed to represent the electrical response of the bifurcation trigger zone, 
which thereby behaves as a booster zone for the more distal dendritic synapses. 
In this scheme the slow prepotentials that precede the fast prepotential (FIGURE 
15) would represent primarily electrotonically propagated apical dendritic 
PSPs or graded responses, casually antecedent to the FPPs. The FPP would 
trigger the A area, the final common trigger zone, which, in turn, would initiate 
axon discharge and the retrograde invasion of the B area. This would provide 
a means whereby distant dendritic synapses might cause neuronal discharge 
even when the soma was hyperpolarized (ricures 12, 14, and 15). Since firing 
level was relatively constant and FPPs were absent in about 75 per cent of hip- 
pocampal units studied,® the basilar system probably predominates more often 
under the conditions of our experiments and initiates impulses by critically de- 
polarizing the axon hillock. 

In summary, the motoneuron model can be fairly successfully applied to an 
archicortical neuron, the hippocampal pyramidal cell. As in the motoneuron 
excitation occurs by a depolarization to a critical firing level and inhibition by 
a Cl sensitive hyperpolarization. An AB break can be demonstrated in the 
hippocampal neuron with all three modes of activation, suggesting a sequen- 
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tial pattern of spike generation similar to that of the motoneuron. Finally 
both neurons engage a system of inhibitory recurrent collaterals. There ae 
also, several important differences. The DAP and FPP of hippocampal cells 
have not been encountered in the motoneuron.* The afterpotential contributes 
importantly to the distinctive repetitive firing pattern of the pyramidal cell. 
The FPP offers an additional degree of freedom in the sequence of steps that 
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Ficure 16. A hypothetical scheme to account for data on the fast prepotential (see 
text for details). 


produce the pyramidal cell spike; this further complexity seems well suited to 
the particular geometry of the archicortical neuron dendritic system. 

These studies on synaptic potentials and spike generation will now be used 
as a baseline from which “abnormal” pyramidal cell function can be viewed. 


Pyramidal Cell Activity During Hippocampal Seizure 


_ The tendency toward convulsive activity is one of the most interesting and 
best documented pathophysiological characteristics of the hippocampus. This 


* Chromatolytic motoneurons! do show a dendritic spike that looks much like the FPP. 
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finding, first demonstrated in the cat,?*.8.29 has now been confirmed in the 
guinea pig,” the dog,” the monkey,** and man.** 

Fornix tetanization was used to initiate hippocampal seizure, and pyramidal 
cell activity was studied in both intact and deafferented fornix preparations. 
Hippocampal seizure could be produced with equal facility in both preparations. 
However large differences between these two preparations could be observed 
at the unit level during seizure.*° 

We shall first consider seizure in the deafferented fornix preparation. Fic- 
URE 17 illustrates a continuous record of one full seizure. The top record in 
each line is from the intracellular microelectrode, the lower record is from the 
surface monitor. The calibration pips on the intracellular trace represent a 
voltage pulse of 10 mv and 20 msec. occurring 1/sec. 

A portion of the control record has been included in line 1 to illustrate the 
spontaneous firing pattern of the pyramidal cell before the seizure. The two 
arrows, in lines 1 and 2, indicate the ‘‘on”’ and “‘off” of a 6.4-sec. tetanus. The 
tetanus produced a membrane hyperpolarization and inhibition of spontaneous 
firing. Seizure onset was immediately evident in the surface record after the 
cessation of the tetanus. However, the intracellular record did not, at first, 
show any significant changes from the control firing of the unit. There was a 
latency period of several seconds after the end of the tetanus before the mem- 
brane potential first began to undergo oscillations that were synchronized with 
the surface record. These oscillations (lines 3, 4, and 5) were diphasic; their 
depolarizing peaks occasionally triggered solitary or multiple firing. With the 
onset of oscillation, the mean membrane potential increased. Unit firing at 

first decreased and then ceased. For 25 per cent of the total seizure period, the 
membrane was ‘‘clamped” at a hyperpolarized potential that was 10 mv below 
the critical firing level. ; 

This persistent hyperpolarization was terminated by the appearance of the 
clonic phase (lines 11 and 12). During this phase every interruption of the 
surface oscillation was accompanied by a burst of activity in the pyramidal 
cell.* The cessation of the surface oscillations between clonic bursts became 
progressively longer and finally persisted. The termination of surface activity, 
evident in line 15, was associated with a return of steady firing in the pyramidal 
cell. The occasional interruption of the isoelectric surface record by a negative 
potential transient (lines 16 to 20) was accompanied by a membrane hyper- 
polarization with inhibition of spike generation. Firing continued at a higher 
than control rate for about 30 sec. after the cessation of all surface activity 
(lines 20 to 23). Finally, in line 24, the unit returned to its resting level. 

Ficure 18 shows several features of this seizure in greater detail. Frames a 
and 6 illustrate the early oscillatory phase of the seizure. Note the good tem- 
poral correlation between the surface and the intracellular record. Frame ¢ 


* For variations in the clonic phase, see Kandel and Spencer.*” 


t * 

Ficurr 17. ‘The continuous record of a seizure in a deafferented fornix preparation. 
The top tracing is from the intracellular microelectrode and the bottom record is from the 
surface monitor. The arrows in lines 1 and 2 indicate the onset and termination of the fornix 
tetanus. The voltage calibration refers to both the surface (2.5 mv) and the intracellular 
(50 my) records. The intracellular record also has a constant-voltage.(10 mv) 20-msec. 
calibration pip that occurs at the rate of 1/sec. See text for details. 
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demonstrates high-frequency surface oscillations and the associated maintained 
hyperpolarization of the soma membrane. Frames d and e show a burst and 
interburst period, respectively, of a clonic phase, and f shows the intracellular 
hyperpolarization that accompanies the surface transient during the final phase 
of the seizure. 

We shall next consider seizure in the infact fornix preparation. 

Previous experiments have demonstrated that single-shock stimulation of the 
intact fornix generates an isolated inhibitory postsynaptic potential (IPSP) 
occasionally preceded by a brief excitatory postsynaptic potential (EPSP). 
The IPSPs have been attributed to the activity of recurrent collaterals of effer- 
ent axons. The early EPSP has been inferred to represent the activity of af- 
ferent axons. Although the EPSP is inconstant when single shocks are used, 
it usually can be demonstrated with tetanic stimulation. 

Ficure 19 illustrates several of these features. Two rates of tetanic stimula- 
tion were used. ‘The first two arrows mark a period of slow tetanization. Each 
shock gave rise to a brief EPSP and longer-lasting IPSP. The IPSPs added 
and increased the mean membrane potential. As the slow tetanus continued, 
the EPSPs increased slightly in amplitude; occasionally they reached the firing 
level and triggered an action potential. The interval between the second and 
third arrow indicates a brief tetanus at higher frequency that produced a selec- 
tive recruitment of EPSPs. The latter, in turn, gave rise to a sustained de- 
polarizing shift that at first plateaued (line 1) and then, after the termination 
of the tetanus, increased to reach a point 20 mv below the preseizure level (line 
3). In addition to this well-sustained depolarization, the membrane began to 

- generate transient depolarizing oscillations immediately following the cessation 
of the tetanus. The early oscillations produced an occasional clearly recogniza- 
ble, albeit small, spike. At their peak (line 3) the transient responses depolar- 
ized the membrane by another 40 my, or a total of 60 mv. This summed 
value of the steady and transient depolarizations approached the amplitude of 
a full-sized spike. Gradually the oscillations decreased in frequency and, as is 
evident in line 4, the membrane began to repolarize. As it approached the 
previous resting level, spike generation was resumed. A period of slight hyper- 
polarization (lines 4 and 5) followed. Finally, normal spontaneous and evoked 
responsiveness returned. 

As in the deafferented fornix preparation there was good temporal correlation 
between the surface record and the transmembrane potential. Ficure 20 
shows a portion of a clonic phase in an intact fornix preparation. R.M.P. rep- 
resents the mean resting potential (interspike baseline) during the preseizure 
period. During the later portion of the clonic phase the membrane potential 
was decreased by 60 mv. Each surface oscillation was accompanied by an in- 
tracellular depolarizing transient; each surface interruption of the surface ac- 
tivity was associated with an interruption of the pulsatile transient response of 
the membrane. . 

Ficure 21 shows selected portions of seizures from two different experiments 
in the intact fornix preparation. These portions were selected to show the 
maximum and minimum levels of sustained membrane polarizations achieved 
during seizures, as well as to illustrate the variations in configuration and am- 
plitude of the transient responses. The latter include three types of responses: 
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clearly recognizable abortive spikes (6 in trace 1 and ¢ in trace 2) ; slow, graded, 
complex oscillations that bear little resemblance to all-or-none action potentials 
(d in trace 2); and intermediate forms that are combinations of these two pat- 
terns (¢ in trace 1). 

It seems clear that the deafferented and intact fornix preparations produce 
strikingly different seizures as recorded intracellularly. 

The distinctive feature of the seizure in the deafferented fornix preparation 
is that for most of its duration the seizure involves a hyperpolarization of the 


f Eee 


Figure 21. Variations in steady membrane potential and transient responses in two 
different intact fornix preparation seizures. The upper trace shows details of the seizure 
illustrated in FIGURE 19. A control spike (not indicated in FIGURE 6) is shown at a; b is from 
line 2 of FIGURE 19; ¢ is from line 3; and d is from line 4. The bottom trace shows details 


pyramidal cell. This hyperpolarization was found to be sensitive to Cl and 
to have the same properties as the inhibitory postsynaptic potentials produced 
by single fornix volleys in the absence of seizure. 

The latency period between the onset of the seizure at the surface and its 
appearance in the intracellular record, the appearance of normal spike genera- 
tion triggered at a constant firing level, the predominance of inhibition, and 
the absence of an evident mechanism for starting and ending the seizure sug- 
gest that the pyramidal cells sampled do not actively participate in the seizure 
process. These cells seem rather to act as “follower” neurons whose active 
pacemaker locus is elsewhere. 


In the intact fornix preparation, the unit immediately becomes involved in 
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the generalized seizure. Synaptic bombardment during rapid tetanization is 
primarily excitatory. The early depolarizing shift is maintained throughout 
the major portion of the seizure; hyperpolarization occurs only in the final stage 
of the afterdischarge. Both the maintained and the superimposed transient 
depolarizations are clearly abnormal. It is these qualitative differences in the 
membrane behavior of the pyramidal cell that are the distinctive feature of 
this type of seizure. 

Although the nature of these abnormal depolarizations cannot be specified, 
their effect is clear. They inactivate the spike generator, which then cannot 
give rise to normal all-or-none action potentials. As described previously, 
the depressant effect of a maintained depolarization appears to be a prominent 
limiting mechanism even in normally discharging pyramidal cells.*! The fact 
that the recordable A and B areas spike generators are inactivated does not 
necessarily mean that the axon is not being fired. It is quite possible that a 
depolarization of this magnitude (40 to 60 my), although inactivating soma and 
initial segment, does in fact fire the first or second node, which now becomes the 
neuronal trigger zone.*® 

In comparing the seizures in the deafferented and intact fornix preparations, 
the striking difference is that hyperpolarization predominates in one situation 
and depolarization in the other. The existence of afferent fibers in the intact 
fornix preparation is apparently responsible for the development of abnormal 
responses involving excessive depolarization. The different types of neuronal 
behavior during seizure in the two preparations appears to result not from a 
permanent change in the intrinsic properties of the cells but rather from a 
difference in the synaptic bombardment that initiates seizure in each case. 

One final point pertinent to the more general problems of cortical electro- 
physiology derives from the attempted correlation between the electrocortico- 
gram and the transmembrane voltage. In general, the correlations between 
surface and intracellular potentials were good with respect to time but vari- 
able with respect to sign. Transients in surface and intracellular recordings 
usually occurred simultaneously, although their shape often differed. Intra- 
cellular hyperpolarizing transients would be associated with a surface-positive 
deflection in one unit and a surface-negative deflection in another. In any 
given unit, however, the signs of the transient surface-potential change and 
the intracellular record were usually consistent. Sometimes, however, sur- 
face transients were unaccompanied by intracellular changes (FIGURE 19c). 

In view of the poor correlations generally reported between the electrocortico- 
gram and extracellular unitary recordings,*” it is evident from the data de- 
scribed above that surface activity correlates better with transmembrane 
events than with spike generation alone. This may be partially attributable 
to two factors: (1) large intracellular depolarizing transients may fail to trigger 
spikes when the membrane potential is far below or far above the firing level; 
and (2) electrical changes associated with the intracellular hyperpolarizations 
may contribute to the surface record.” 
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ANALYSIS OF AXODENDRITIC SYNAPTIC ORGANIZATIONS 
IN IMMATURE CEREBRAL CORTEX* 


Dominick P. Purpurat 


Paul Moore Neurosurgical Research Laboratory, College of Physicians and Surgeons, 
Columbia University, New York, N.Y. 


Introduction 


Morphological studies of the mammalian cerebral cortex may be classified 
according to the degree to which they reveal various aspects of its complex 
organization. Particularly helpful in providing a general view of the basic 
cytoarchitectonic organization of different areas of cortex are studies of the 
number, type, and distribution of neurons as seen in Nissl preparations.’ 
Considerably more valuable in providing some quantitative data on cortical 
organizations are studies of the distribution of dendrites and axons of various 
types of neurons that derive, in part, from analyses of Golgi preparations that, 
fortunately, reveal only 1 to 3% of the total number of neuronal elements in 
any given region.*-® Least important in providing data on the structural 
organization of cortex but nevertheless indispensible for disclosing details as 
to the type and distribution of synapses on the soma-dendritic membrane of 
neurons are electron microscopical studies.’ Ideally, then, morphological 
studies of Golgi preparations in combination with suitable electron microscopical 
observations should provide useful information on the structural organization 
of a given region of cortex that might be of value in the analysis of its functional 
activity. Were it possible to limit such analyses to a particular type of cortical 
organization, it is reasonable to suspect that such information could serve to 
clarify a number of problems concerning the origin and nature of a variety of 
electrocortical activities. Clearly the outcome of such an endeavor is strongly 
dependent on the fortuitous selection of material that is physiologically analyz- 
able, yet sufficiently limited in over-all structural complexity to permit meaning- 
ful morphophysiological correlations. 

The present report is concerned with an attempt to characterize some overt 
cortical synaptic activities in terms of their possible morphological substrate. 
The material selected for examination is immature cortex or, more specifically, 
the anterior suprasylvian gyrus of the newborn cat. Although a few studies of 
evoked activities in posterior sigmoid gyrus are described, the primary objective 
is to define the extent to which the distinctive morphological characteristics 
of elements in anterior suprasylvian gyrus of the newborn cat can provide 
important clues to the analysis and interpretation of physiological events of 
varying complexity that are generated in this restricted region of cortex. 

The usefulness of ontogenesis as an analytical tool in the analysis of the 
functional activities.of the brain has long been recognized and need not be 
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commented on further. The particular significance of the present ontogenetic 
studies derives primarily from the fact that the postnatal development of 
neocortical neurons is characterized by a relatively early phase of maturation 
of superficial axodendritic synaptic pathways; then, somewhat later, a prolonged 
phase during which axodendritic and axosomatic pathways in the cortical 
depths exhibit their maximum rate of proliferation’:® (K. K. Voeller et al., in 


preparation). Thus, to a large extent, synaptic activities generated in sub- 


surface elements may be expected to contribute relatively little to the pro- 
duction of cortically evoked potentials, at least in the immediate perinatal 
period. This finding (and others to be detailed below) permits focusing at- 
tention on analyses of the composition of superficial axodendritic synaptic or- 
ganizations involved in different varieties of electrocortical activities. Another 
advantage is worthy of preliminary consideration, for inasmuch as axodendritic 
synaptic pathways constituting the deep cortical neuropil are as yet poorly 
developed in the first postnatal week in the cat, the morphophysiological con- 
sequences of altering the normal progression of this development can be eluci- 
dated with reasonable precision. It goes without saying that the ontogenetic 
data surveyed below bear on problems of cortical organization that are not 
solely referable to the peculiarities of immature cortex. 


Methods 


The results summarized in this report were obtained in various types of 
studies carried out over a two-year period on more than 130 kittens. All 
electrophysiological and pharmacological data were obtained in locally anes- 


_ thetized-succinylcholine paralyzed kittens. Operative procedures (such as 


external jugular vein and tracheal cannulation, craniectomy, and cerebellec- 
tomy) were performed under ether anesthesia. Neonatal kittens undergoing 
cerebellectomy for brain stem exposure were transfused with 1 to 2 cc. of packed 
red cells in order to reverse some of the generalized depression resulting from 
the operative procedures. No untoward effects of the transfusion were ob- 
served in any of the kittens so treated. Studies on chronically isolated cortex 
were carried out in 4 to 21-day-old kittens. Subpial isolation of cortical slabs 
was performed transdurally in neonatal (<2-day-old) kittens according to the 
methods of Echlin ef a/.1° 

Golgi-Cox (DeFano modification) sections (200 4 thick) were prepared from 
normal and isolated neocortex of kittens employed in physiological studies 
Electron microscopical studies of the suprasylvian gyrus of the newborn cat 
were carried out on fresh specimens fixed with 1 per cent osmium tetroxide 
buffered at pH 8.2 with veronal-acetate buffer, dehydrated with graded alcohols, 
and embedded in either 80 to 20 butyl methyl methacrylate or Epon. Sections 
were cut with a Porter-Blum microtome and examined in an RCA EMU-3C 
electron microscope (Voeller ef a/., in preparation). Details as to stimulating 
and recording techniques and the preparation and use of w-amino aliphatic 
acids in pharmacological studies have been described elsewhere.? 


Mode of Generation and Propagation of Superficial Cortical Responses 


At least 3 hypothesis have been proposed to account for the production and 
spread of 10 to 20 msec. surface-negative responses evoked by local stimulation 
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of neocortex. Superficial cortical responses (SCRs) recorded up to 3 to 5 
mm, from the site of stimulation have been viewed as conducted action po- 
tentials of dendrites, graded decrementally conducting responses of directly 
and indirectly excited apical dendrites,'® and as postsynaptic potentials (p.s.p.s) 
generated in apical dendrites by directly excited pathways of variable tra- 
jectory.2"7-8 SCRs recorded at distances greater than 3 to 5 mm. from the 
site of stimulation have either been neglected from consideration, viewed as 
postsynaptic potentials of apical dendrites,!* or thought to involve elements 
in pathways with different conduction velocities.” A view has also been ex- 
pressed that SCR is both generated in and conducted along unspecified, ran- 
domly oriented nerve processes that stretch across the surface of the brain for 
about 10 mm.” 

A detailed analysis of the changes in the physiological and pharmacological 
properties of SCRs evoked in immature cat cortex has been presented else- 
where.®.2 For present purposes only a few results of this analysis that permit 
some decision as to which of aforementioned hypothesis can satisfactorily 
account for the ontogenetic data need be summarized. 

Graded SCRs recorded in neonatal cat cortex under conditions identical 
to those employed in similar studies in adult animals”-3.?5 are of relatively 
long duration with respect to those evoked in mature cortex (FIGURE 1). When 
care is taken to record SCRs in neonatal cortex as close to the site of stimula- 
tion as is technically possible, SCRs can be shown to be identical in all respects 
to those recorded at more distant sites in the neocortex of adult animals 
(FIGURE 1). Of considerable interest is the observation that although SCRs 
may be recorded at distances up to 5 to 7 mm. from the site of stimulation in 
the immediate neonatal period, distant responses are never of greater magni- 
tude than those recorded within 2 mm. from the stimulating electrodes. It 
should be noted also that in the first postnatal week, SCRs are generated at 
distant sites after relatively long latencies, indicating involvement of pathways 
with conduction characteristics of 0.3 to 0.4 m./sec. 

The changing characteristics of distant SCRs during the second postnatal 
week are shown in FIGURE 2. The points of major significance to be noted in 
this illustration are: (1) SCRs are recorded at greater distances by the end of 
the second postnatal week than during the immediate neonatal period; (2) 
SCRs evoked at distant sites may be of greater amplitude than those recorded 
closer to the locus of stimulation; and (3) linear changes in latency with dis- 
tance are characteristically observed. Another feature shown in FIGURE 2 
(bottom records in C) is worthy of note. Elimination of the SCR evoked close 
to the site of stimulation (1.5 mm.) by topically applied y-aminobutyric acid 
(GABA) does not alter SCRs recorded outside of the GABA-treated area of 
cortex. 

Interpretation of the foregoing electrophysiological data is greatly facilitated 
by examination of the morphological characteristics of elements in superficial 
regions of immature neocortex. Golgi-Cox preparations of neonatal cat 
cortex reveal extraordinarily well-developed apical dendrites of cortical py- 
ramidal neurons (FIGURE 3). In the molecular layer and immediate subjacent 
regions, wherein the SCR is generated,!2:14:16.23.24 dendrites of underlying 
pyramidal neurons and Cajal-Retzius cells (ricurEs 3B and C) are densely 
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Ficure 1. (Left.) Characteristics of long-duration superficial cortical respon 

recorded 1.5 mm. from stimulating electrodes on Sc tviaa gyrus ina as 
kitten. Stimulus frequency 0.5/sec.; 6 superposed responses at different stimulus strengths. 
Negativity upwards in this and all subsequent figures. (Right.) Five-hour-old kitten. 
Comparison of SCR recorded 0.5 mm. from stimulating electrodes with a large (0.5-mm.) 
bail-tipped electrode (upper channel) and SCR recorded “‘at the site of stimulation” with 0.1- 
mm. tip-diameter wire electrode. When recorded with the wire electrode at the site of stimu- 
lation, the SCR has characteristics identical to those recorded in the adult animal. Cali- 
brations 100 cps; 0.1 mv. 
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Ficure 2. Changing characteristics of distant SCRs during second postnatal week 
(A to D) Relationship between near (upper channel) and distant (lower channel) responses 
recorded at distances from stimulating electrodes indicated at left in each series; ages shown 
above. (A) SCRs at 5 and 3 mm. larger than at 2.5 and 4 mm. (B) Augmented responses 
at4and6mm. (C) Note extraordinary magnitude of response at 4 and 6 mm. (D) Rein- 
forced SCR at 8 mm.; latency about 25 msec. In C, records at bottom of column taken before 
and after topical application of 1 per cent GABA to near electrode site. In this record, upper 
channel shows abolition of surface negativity and unmasking of surface positivity after GABA; 
lower channel shows two perfectly superposable distant responses. (E) Comparison of 
responses at indicated distances in a 14-day-old kitten and adult cat studied under identical 
conditions. Wire electrode (0.1 mm.) employed to record response at 0.3 mm. in kitten. 
Compare characteristics of responses at 1 mm. Duration of the distant response in adult 
preparation is similar to that of near response. Calibrations 100 cps; 0,1-mv in A; 0.3 mv 
in B to E; that for D shown in E. Reproduced by permission of Experimental Neurology.° 
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Ficure 3. Golgi-Cox preparations of neurons in 
sigmoid gyrus (C and D) of 5-hour-old kitten. (A) C 
neurons. Apical dendrites extend to within 25 to 50 mw of pial surface. Note absence of 
lateral branches. Axons of two neurons clearly shown extending downward. Basilar den- 
drites at this stage are short, thin Processes. (B and C) Embryonic Cajal-Retzius neurons in 
molecular layer. (D) Giant pyramidal cell in motor cortex with massive apical dendrites, 


but poorly developed basilar dendritic system. Same magnification throughout. Repro- 
duced by permission of Experimental N. eurology.® 
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packed. With advancing age, this density decreases due largely to the de- 
velopment of non-neural elements, loss of the elaborate dendritic apparatus of 
Cajal-Retzius cells, and over-all increases in neuronal volume..25.27 In contrast 


FicurE 4. Postnatal maturation of basilar dendrites of neocortical pyramidal neurons. 
(A) Examples of small and medium pyramidal neurons from suprasylvian gyrus of 3-day-old 
kitten. Basilar dendrites beginning rapid phase of growth. (B) Further elaboration of 
basilar dendritic system in 8-day-old kitten, (C) Large pyramidal neurons from anterior 
suprasylvian gyrus of 21-day-old kitten. Note extensively developed basilar dendrites and 
spines on apical dendrites. Same magnification throughout. Reproduced by permission 
of Experimental Neurology.9 


to apical dendrites, basilar dendrites and axon collaterals of deep lying py- 
ramidal neurons are poorly developed in the immediate neonatal period. To- 
ward the end of the first postnatal week basilar dendrites and axon collaterals 
begin a rapid phase of growth that extends through the second and third post- 
natal weeks. By the fourth postnatal week, the basilar dendritic systems of 
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neocortical pyramidal neurons have attained their mature characteristics 
(FIGURE 4). 
Further examination of the morphological features of apical dendrites of 
cortical pyramidal neurons in the immediate perinatal period reveals two 
additional factors that are particularly relevant to the analysis of the mode of 
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Ficure 5. Electron micrograph of subsurface neuronal elements in suprasylvian gyrus 
of 1-day-old kitten. Cell bodies of 2 neurons are shown (left and right, N) with the space 
between them occupied by 5 or 6 apical dendrites from deeper lying pyramidal elements. 
Note absence of synaptic complexes similar to those shownin FIGURES 6and 7. (From Voeller 
et al., in preparation.) 


production and propagation of the SCR in immature cortex. Although radially 
oriented dendritic elements are densely packed in the molecular layer their 
tangential spread in superficial cortex is extremely limited. Indeed, it is 
unusual to observe tangential branches of apical dendrites that exceed 100 to 
150. In view of the fact that even in adult cat cortex, apical dendrites do not 
have tangential branches in the molecular layer that are longer than 200 y,5 
it is concluded that apart from changes in over-all radial length and the later 
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appearance of tangential branches on proximal portions of apical dendrites, 
the distal segments of dendritic elements in the molecular layer exhibit little 
alterations relative to the postnatal changes observed in basilar dendrites.’-9 
Another characteristic is the late appearance of dendritic spines (thorns or 
gemmules). These structures, which are clearly detectable on apical dendrites 
of neocortical pyramidal neurons during the second postnatal week, are either 
- absent or modified in the immediate neonatal period. It is impossible to de- 
termine from available Golgi-Cox material whether the small protuberances 
observed almost exclusively on distal segments of apical dendrites in the new- 
born kitten are artifacts or modified dendritic spines. However, since it 
has been shown in electron microscopical studies that dendritic spines represent 
one variety of axodendritic synapses seen in mature cortex,’ it is reasonable to 
suspect that the small protuberances present on distal segments of apical 
dendrites in Golgi-Cox preparations may be modified axodendritic synapses. 
As pointed out elsewhere,®.” further definition of the morphological features 
of elements in the superficial neuropil requires electron microscopical studies of 
immature neocortex. For this reason, some preliminary electron microscopical 
data obtained in studies with Kytja K. Voeller and G. D. Pappas may be 
summarized to indicate wherein they contribute to the present problem.* 
With respect to the extraordinary density of apical dendrites in immature 
cortex, electron microscopical observations completely confirm light micro- 
scopical data that indicate close packing of these elements throughout their 
entire course. In favorable specimens from submolecular regions of neocortex 
in newborn kittens, as many as 5 to 6 dendrites may be seen between cell bodies 
of superficial neurons that are 2 to 3 w apart (FIGURE 5). The presence of 
clearly definable synapses on cell bodies in the immediate neonatal period has, 
as yet, not been established. This negative finding, however, may be of con- 
siderable importance in view of the fact that axodendritic synapses with char- 
acteristics similar to those described for axodendritic synapses in adult rat 
cortex’ are detectable on apical dendrites at various sites along their radial 
trajectory (FIGURE 6).t In some preparations of superficial neuropil, axo- 
dendritic synapses may be encountered with relative ease (FIGURE 7) although 
this is not always the case. The primary objective of the present survey is 
achieved with the demonstration of axodendritic synapses on closely packed 
apical dendrites in the immediate neonatal period. It remains to indicate how 
the aforementioned light and electron microscopical data contribute to the 
* The electron microscopical data shown here were obtained by Kytja K. Voeller and are 
part of a collaborative study on the ultrastructural characteristics of developing neocortex 


currently in progress in the Department of Anatomy (G. D. Pappas) and the Department of 
Neurological Surgery (K. K. Voeller et al., in preparation). 

+ The criteria for identification of synapses in the cerebral cortex are by no means com- 
pletely established. This is especially true in the case of immature cortex, where it is entirely 
possible that some of the ultrastructural characteristics described for synapses in adult cor- 
tex’:28 may be considerably modified. For present purposes, however, it is sufficient to point 
out that the electron microscopical criteria currently regarded as adequate for the identifica- 
tion of synapses in the mature mammalian central nervous system’ are applicable to the 
problem at hand. In view of this, I can see little value to speculations concerning the possible 
existence of cortical dendrodendritic junctions based on light microscopical studies of Golgi- 
Cox preparations.*! Indeed, although examination of electron microscopical material of 
immature neocortex reveals that dendrites may be 200 to 300 A apart, none of the features 
characteristically observed at axodendritic junctions can be discerned (FIGURE 5). 
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interpretations of electrophysiological data on the SCR evoked in immature 
cortex. 

As noted previously, the SCR in newborn kittens has a duration similar to 
that observed in adult animals, but this is true only at sites close to the locus of 
stimulation. In view of the extraordinary density of dendrites and the 
presence of axodendritic synapses in neonatal cat cortex, the hypothesis concern- 


Ficure 6. Electron micrograph of an axodendritic synapse (S) in supr. i 

of a 1 -day-old kitten. An axonal terminal is shown on ne ight Se nen: Sea ao aa 
apical dendrite. The terminal contains a large number of vesicles (V) that are densely 
clustered near the thickened presynaptic membrane. The other immediately adjacent process 
is apparently devoid of vesicles and does not show thickening of appositional membranes. Its 
identity is not established. To the left of the vertically oriented apical dendrite in this 
micrograph the cytoplasm of a neuron containing ribosomes and mitochondria is seen. Al- 
though the cell body and dendrite are separated by a 200 A space as are the dendrite and axonal 
terminal (S), no specialized processes are discernible along the course of the cell body-dendrite 
appositional membranes. (From Voeller et al., in preparation.) 


ing the axodendritic synaptic origin of the SCR is greatly strengthened. Further 
support for this is provided by the finding that SCRs recorded at various 
distances from the site of stimulation have similar characteristics but apical 
dendrites in the immediate neonatal period are devoid of tangential branches 
in their proximal segments and do not have a tangential spread in the molec- 
ular layer which exceeds 100 to 200 u. The hypothesis that the SCR is a 
conducted action potential of tangential dendrites'® would thus appear to be 
inconsistent with the known structural features of these elements in immature 
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cortex. That a single species of conductors is involved in the production and 


spread of the SCR is also made unlikely by the finding that elimination of near 
SCRs does not alter distant SCRs and that SCRs at different distances may 


Ficure 7. Electron micrographs of axodendritic synaptic complexes in superficial neo- 
cortical neuropil of newborn cat. 
(A) Two synapses (S) are shown at arrows. Axon (Ax) readily identified by presence of 
synaptic vesicles (V), some of which are concentrated at presynaptic membrane. 
_(B) Higher magnification of another axodendritic synaptic complex to show details of 
Synaptic vesicles and characteristics of thickened appositional membranes. (From Voeller 
et al., in preparation.) 


vary considerably in amplitude in duration. Thus the morphophysiological 
data on the SCR in immature cortex outlined above, and presented in more 
detail elsewhere,*.” are entirely consistent with the view that SCRs are axo- 


: dendritic p.s.p.s generated in different populations of dendrites by conductile 


% 


pathways both tangential and more circuitous in their trajectory.2) 
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At this juncture it is to be noted that although morphological data of the 
type presented above have been useful in clarifying the interpretation of the 
origin and nature of the SCR, it cannot be expected that further clues to the 
internal composition of the axodendritic synaptic pathways involved in this 
overt response will be forthcoming from currently available anatomical data. 
The reason for this becomes immediately apparent when it is recognized that 
there are as yet no criteria for distinguishing excitatory and inhibitory elements 
on the basis of their overt or ultrastructural characteristics. Whether a 
particular neuron exerts an excitatory or inhibitory synaptic action on other 
elements is dependent on differences in ionic permeability changes produced in 
postsynaptic membrane by transmitter action.*** This being the case, at- 
tempts to “dissect” complex axodendritic synaptic pathways into their ex- 
citatory and inhibitory components are best directed towards analyses of the 
alterations in the response of such pathways produced by pharmacological agents 
capable of blocking one or the other variety of synaptic activity in responses that 
are composites of excitatory and inhibitory p.s.p.s.“ Such an operational 
approach has already greatly facilitated the analysis of a relatively large series 
of surface and focally recorded evoked responses in neocortex,”:?*.36 hippo- 
campus,!! 87 and cerebellar cortex of adult animals. When pharmacological 
agents are employed in combination with ontogenetic analyses of axodendritic 
synaptic pathways, the results thus obtained serve to characterize further the 
synaptic composition of these pathways and to provide additional information 
as to their probable morphological substrate. 

The usefulness of the aforementioned combined analytical methods in 
studying the properties of axodendritic synaptic pathways in superficial cortex 
is clearly illustrated in the different effects produced by ‘convulsant’ w-amino 
acids on SCRs during the postnatal ontogenesis of neocortex.” %® In adult 
animals, SCRs recorded close to the locus of stimulation are markedly aug- 
mented within a few seconds after topical application of long chain w-amino 
acids (e-amino caproic, Cs, or w-amino caprylic, Cs) to the site of registration. 
This effect has been ascribed to the blocking action of the long chain w-amino 
acids on axodendritic inhibitory p.s.p.s.% In sharp contrast to the effects ob- 
served in mature cortex, topically applied long chain w-amino acids do not 
augment SCRs evoked in the neocortex of kittens prior to the third postnatal 
week (FIGURES 8 and 9). During the first postnatal week, depression of SCRs 
is characteristically observed despite the fact that some changes may be de- 
tectable in late components of SCRs and, in the background, spontaneous 
electrocortical activity (FIGURE 8). During the second postnatal week, aug- 
mentation of spontaneous electrocortical activity is readily detectable in cortex 
treated with convulsant w-amino acids, but only after the third postnatal week 
do all components of the SCR increase in amplitude within a few seconds after 
topical application of these compounds. Of considerable interest is the finding 
that at a time when SCRs recorded 1 to 3 mm. from the site of stimulation are 
augmented by convulsant w-amino acids, no effects are observed on SCRs 
recorded at more distant sites that have been similarly treated (F1GURE 9). 
This finding, revealed for the first time in ontogenetic studies, was subsequently 
shown to represent a final maturational event.2. Thus when “near” and “‘dis- 
tant” sites of SCR registration were treated with e-amino caproic acid only 
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Ficure 8. Five-hour-old kitten. Effects of topical eamino caproic acid (Cs) and w- 
amino caprylic acid (Cs) on SCRs and succeeding long duration responses. SCRs recorded 
1.5 mm. from site of stimulation. Left column, fast sweep (Cal. 100 cps); right column, slow 
sweep (Calibrations 10 cps). 

(A) Control SCRs, note later positive-negative sequences in slow sweep rec-rds; (B) 1 
min. after Cs ; (C) recovery of SCR 10 min. after flushing cortex with Ringer’s so’ution; (D) 
20 min. after C, control prior to Cs application; (E) 2 min. after Cs ; (F) recove y 20 min. 
after removal of Cs. Reproduced by permission from Pergamon Press.” 
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Ficure 9. Comparative effects of Cs on SCRs in 8- and 21-day-old litter mates. Sweeps 
and calibrations ‘as in FIGURE 8. (J and 2) Control SCRs recorded 1.0 mm. from site of 
stimulation; (3 and 4) 2 min. after topical Cs ; (5 and 6) after complete recovery from depres- 
sant effects of Cs, and 2 min. after Cs. Differences in the action of Cs and Cs are apparent; 
note, in particular, changes in late components of SCR after Cs ; (7 and 8) control near (upper 
channel) and 4 mm. distant SCRs (lower channel); (9 and 10) immediate effects of Ce ; rapid 
augmentation of early and late components of near SCR with more pronounced action on late 
components; distant response unaffected; (// and 12) onset of Cy-induced convulsant activity. 


Reproduced by permission of Pergamon Press.” 
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near responses were immediately augmented. Changes in late components 
of distant SCRs occurred after propagation of augmented late components of 
near SCRs (FIGURE 10). 

Additional details of the different effects of w-amino acids on different com- 
ponents of the SCR have been described elsewhere.” It is sufficient here to 
emphasize one interpretation of the data illustrated in FIGURES 8 to 10 that is 


cs 
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_ Figure 10. (A) Near (1.5 mm., in lower channel, and distant 6.0 mm.) SCR 
in suprasylvian gyrus of adult cat with stimuli at threshold for late negative 1 ee 
20 sec. after application of Cs to both recording sites; (C) 40 sec. after-B; (D) recovery after 


rinsing cortex with Ringer’s solution. Calibrations 100 cps; i 
pag cee ey rnaaag s cps; 0.1 mv. Reproduced by permis- 


particularly relevant to the analysis of axodendritic synaptic pathways. If 
as has been proposed elsewhere,'!: w-amino acids exert their convulsant effects 
through elimination of inhibitory axodendritic p.s.p.s, then it follows that 
failure to observe augmentation of SCRs prior to the third postnatal week 
must be ascribed either to unresponsiveness of inhibitory axodendritic synapses 
in superficial neuropil to long chain w-amino acids, or the relative absence of 
these synapses on elements involved in the production of the SCR. Of the 
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two possibilities, the second would appear to be more reasonable in view of the 
fact that electrocortical activities other than the SCR are affected by convulsant 
@-amino acids when the SCR is unaffected or depressed by these compounds. 
Effects entirely similar to those produced by long chain w-amino acids (FIGURES 
8 to 10) are observed with topically applied strychnine, a drug that initiates 
paroxysmal activity through blockade of inhibitory synapses.*? 6.0 These 
and other data” thus permit the tentative conclusion that during the postnatal 
development of axodendritic synaptic organizations in superficial cortex 
excitatory pathways involved in the production and spread of the SCR mature 
earlier than the pathways which generate inhibitory p.s.p.s in apical dendrites. 
Furthermore, when fully developed, superficial inhibitory pathways activated 
hy surface stimulation would appear to exert their effects on apical dendrites at 
relatively close range.® 

It is not to be inferred from the foregoing analysis that inhibitory synaptic 
activities generated in apical dendrites are not detectable with appropriate 
pharmacological agents in the immediate neonatal period. The point of 
emphasis here is that excitatory and inhibitory axodendritic synaptic pathways 
involved in the SCR appear to exhibit different rates of functional maturation. 
Inasmuch as a weak stimulus to the neocortical surface activates only a limited 
population of conductile elements synaptically related to apical dendrites, no 
information is provided by such studies concerning the developmental status of 
axodendritic synaptic organizations activated via other afferent pathways. 
That axodendritic synaptic organizations involved in different varieties of 
cortical activities evoked in newborn kittens appear to contain large proportions 
of inhibitory elements has been indicated elsewhere.” In view of this, it 
becomes necessary to extend the present inquiry to include consideration of the 
manner in which these synaptic organizations participate in the elaboration of 
more complex electrocortical events detectable in immature neocortex. 


Contribution of Axodendritic Synaptic Activities to Evoked Responses of 
Immature Neocortex 


The remarkable differential development of superficial axodendritic synaptic 
pathways in the neocortex of newborn kittens is reflected in part in the promi- 
nence of surface-negative components in a variety of evoked responses. This is 
especially true for specific responses evoked in somesthetic® and visual cortex? * 
and to a lesser extent for primary responses in auditory cortex, although studies 
on the latter system have not been carried out in kittens in the immediate 
perinatal period.” 

Low-frequency electrical stimulation of ventrolateral thalamic nuclei in 
newborn kittens evokes responses over wide areas of sensorimotor cortex. 
These responses may evolve with little or no initial surface-positivity in con- 
trast to responses commonly observed in mature animals.” Apart from the 
relatively long latency of such responses, which is probably referable to delayed 
conduction in elements constituting the presynaptic pathway,*® specific thala- 
mocortical evoked responses in neonatal cat cortex exhibit prolonged periods 
of postactivation depression (FicuRE 11). This is particularly evident at 
stimulus frequencies as low as 2 to 5/sec.; almost complete failure of such 
responses occurring at 10/sec. stimulation. At the latter stimulus frequency 
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the prominent surface negativity is shown to be compounded of early and late 
components (FIGURE 11D). Thus despite the apparent simplicity of the 
surface negativity of the specific evoked response in the newborn kitten, more 
than one species of axodendritic synaptic pathways appears to be involved in 
its production. It is not to be assumed that because specific evoked responses 
are almost exclusively surface-negative in overt configuration, prior surface 
positivity is absent in the immediate perinatal period. When thalamocortical 
radiations to posterior sigmoid gyrus are stimulated at various sites along their 
trajectory to cortex, diphasic positive-negative potential sequences may be 
readily detectable (FIGURE 12). Under these conditions both phases of the 
overt surface response are similarly depressed during low-frequency radiation 
stimulation. Surface-positive components, reflecting synaptic activation of 
deep lying cortical elements, are also revealed after GABA blockade of super- 
ficial axodendritic synapses contributing to the surface negativity.” The 
singular characteristics of specific evoked responses in the immediate neonatal 
period, that is, their prominent surface negativity and absent or small initial 
surface positivity are probably not due to fundamental differences in the mode 
of engagement of superficial and deep elements by specific thalamocortical 
afferents in the immature animal, but rather to differences in the degree of 
maturation of the synaptic pathways involving these elements. In view of 
the relatively poor development of basilar dendritic systems of cortical py- 
ramidal neurons and stellate cells in the newborn kitten, the electrophysiologica]! 
data would appear to indicate activation of superficial dendritic plexuses by a 
slowly conducting group of ‘specific’ thalamocortical afferents and another faster 
conducting group terminating in relation to late-maturing elements in the 
cortical depths. Thus the overt configuration of specific thalamocortical 
responses revealed in the immediate neonatal period may be accountable for 
by the prominent synaptic activity in superficial dendritic elements which is 
sufficiently intense to swamp out the relatively weak synaptic activity initiated 
in the cortical depths. 

The hypothesis that thalamocortical pathways in immature animals evoke 
potent synaptic activities in superficial axodendritic synaptic organizations is 
strengthened by data on the characteristics of surface responses evoked in 
fundamentally different types of neocortex by stimulation at different sites in 
the anterolateral nuclear complex of the thalamus of newborn kittens. Analy- 
sis of these response patterns introduces additional features of the properties of 
axodendritic synaptic pathways that have not been sufficiently clarified thus 
far, that is, the degree to which different organizations participate in the elabora- 
tion of complex electrocortical events and the possible nature of the differences 
in the responsiveness of these organizations to corticipetal volleys. 

The fact that vertically oriented stimulating electrodes in the thalamus of 
adult animals may evoke a variety of surface activities when the exploring 
electrodes activate different nuclear groups is too well known to require further 
comment.” When similar stimulating procedures are carried out in the 
newborn kitten and stimulation is limited to single or paired shocks repeated 
every two seconds, a constellation of different responses may be evoked from 
different cortical regions. Here discussion may be focused on responses 
simultaneously evoked in somatic sensory cortex (posterior sigmoid gyrus) 
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Ficure 11. Predominantly surface-negative specific responses evoked in posterior sig- 
moid gyrus following stimulation of ventrolateral thalamic nuclei and their projections in 
an 8-hour-old kitten. Stimulus frequency as follows: (A) 0.5/sec.; (B) 2/sec.; (C) 5/sec.; 
(D) 10/sec. Depression of response is evident during 0.5/sec. stimulation and profound 
during 10/sec. stimulation. Note increased duration of surface negativity in second to fifth 
responses in D and tendency for these responses to exhibit initial rapid and later slow com- 
ponents prior to almost complete blockade. Reproduced from Annals of The New York 
Academy of Sciences, Vol. 92, Art. 2.5 
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Ficure 12. Specific responses in posterior sigmoid gyrus evoked by stimulation of 
thalamocortical radiations ($-hour-old kitten). (/) Superposed responses during 0.5 /sec. 
stimulation. (2 and 3) Depression of responses during 5 and 10/sec. stimulation respectively. 
(4and 5) Recovery of 0.5/sec. evoked responses. Note delayed recovery of surface negativity. 
(6) One min. after 5. Some depression of surface negativity still evident. Time calibrations 


100 cps. 
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and ‘association’ cortex (anterior and middle suprasylvian gyrus). A com- 
monly observed series of responses evoked from these cortical regions during 
vertical displacement of stimulating electrodes through anteroventral thal- 
amic region is shown in FIGURE 13. Short-interval paired-shock stimulation of 
dorsal parts of the rostral thalamus evoked 30 to 40 msec. latency surface- 
negative responses in posterior sigmoid gyrus and surface-positive responses 1n 
anterior suprasylvian gyrus (FIGURE 13A). With progressive downward dis- 
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Figure 13. Changing characteristics of surface evoked responses in posterior sigmoid 
gyrus (upper channel) and anterior suprasylvian gyrus (lower channel) during progressive 
downward displacement of vertically oriented stimulating electrodes in anterolateral thalamus 
of a 2-day-old kitten. Paired shocks (70 msec. intervals) of equal strength employed through- 
out. Responses evoked by stimulation of dorsal regions of thalamus shown in A, those from 
the ventral aspects of anterolateral thalamus in F. The total vertical excursion of the stimu- 
lating electrodes was 4mm. ‘The changes in evoked responses shown in A to F were obtained 
during 0.6 to 0.8 mm. displacements. Note appearance of long-latency facilitated surface 
negativity in anterior suprasylvian gyrus (C to D) obtained during considerable downward 
movement of stimulating electrodes through thalamic regions containing elements that induce 


different polarity responses in posterior sigmoid gyrus. Further explanation in text. Cali- 
brations 100 cps; 0.1 my. 


placement of the stimulating electrodes posterior sigmoid gyrus responses were 
attenuated and those in association cortex were augmented (FIGURES 13B to 
D). At these sites of stimulation, the testing response of the pair exhibited a 
markedly facilitated late negativity that was strictly confined to anterior supra- 
sylvian gyrus (13D). Stimulation in ventral regions of the anterolateral thala- 
mus resulted in attenuation of anterior suprasylvian gyrus responses and reap- 
pearance of 30 to 40 msec. latency activity in posterior sigmoid gyrus (13E 
and F). The latter responses were unrelated to the posterior sigmoid responses 
recorded during stimulation of more dorsal thalamic sites. Because of their 
strict localization to posterior sigmoid gyrus, involvement of components of a 
specific pathway terminating in subsurface synaptic organizations is not un- 
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likely. As to the nature of the responses evoked in anterior suprasylvian 
gyrus, involvement of superficial axodendritic synaptic organizations with 
different activity cycle characteristics than those present in specific projection 
cortex is clearly indicated. Identification of such response patterns in anterior 
suprasylvian gyrus of newborn kittens as nonspecific activities appears justified 
in view of the fact that they are also obtainable from stimulation of mid-line 


thalamic structures and, in somewhat modified form, from stimulation of medial 


pontomesencephalic reticular regions. Neglecting for the moment any con- 
sideration as to the validity of this identification, it is highly instructive to 
examine further the characteristics of these association cortex activities in the 
newborn animal. 

.The activity cycle of these responses as revealed by paired conditioning and 
testing stimuli (FIGURE 13C) is particularly interesting. In the wake of a 
weak conditioning activity, a period of facilitation occurs that is reflected in 
markedly augmented surface negativity. When, instead of utilizing paired 
stimuli to anterolateral thalamic nuclei, repetitive stimulation of medial ponto- 
mesencephalic regions is carried out, progressive build-up of late negativity is 
prominent (FIGURE 14) at low stimulus frequencies (5/sec.), whereas entirely 
new responses are elic:ted at higher frequencies (> 10/sec.). Following brief 
periods of 25 to 50/sec. stimulation prolonged facilitation of surface negativity 
is detectable. Such facilitation, however, is never seen in simultaneously evoked 
surface-negative responses in posterior sigmoid gyrus. 

Bearing in mind the remarkable morphological development of superficial 
axodendritic synaptic pathways in the suprasylvian gyrus of the newborn cat 


(FIGURES 3 to 7), it is not surprising that repetitive stimulation of these synap- 


tic systems should result in profound changes in surface evoked activity. What 
is of particular interest, therefore, is not the demonstration that complex evoked 
activities can be registered in nonspecific projection cortex in the newborn 
cat but that such activities are generated predominantly in pathways involving 
apical dendrites, since the latter elements account for almost all of the surface 
area of cortical pyramidal neurons available for synaptic contacts in the im- 
mediate neonatal period. This is not to say that the surface negativity of 


_ potentiated responses shown in FicuRES 13 and 14 represents synaptic activity 


confined to the distal portions of apical dendrites, nor for that matter, that 
interneurons do not participate in some fashion in the production of the overt 


response. Although major components of the surface negativity are synap- 


tically generated in distal portions of apical dendrites, during the phase of 
postactivation facilitation of this surface negativity, participation of activated 
synapses along the entire vertical course of apical dendrites is demonstrable. 
Also of interest is the finding that activation of different synaptic loci on apical 
dendrites presumably via different interneuronal organizations is independent 
of synaptic events initiated in more distal dendritic segments. Data supporting 
these statements are shown in FIGURES 15 and 16. 

When a microelectrode is located in the cortical depths (0.4 mm.) at a locus 
where the initial surface positivity of nonspecific evoked responses is markedly 
attenuated, focal negativity is recorded that is of somewhat longer latency 
than the negativity registered from the cortical surface (FIctre 15A). Fol- 
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lowing a brief tetanization both the focal and surface negativities were selec- 
tively potentiated. Attenuation of delayed focal negativity was observed 
after further downward displacement of the exploring microelectrode to a 
depth where the initial surface positivity was reflected in a brief subsurface 


Ficure 14. Responses evoked in posterior sigmoid us (upper cha i 
suprasylvian gyrus (lower channel) by staanulatton of pear Tale tae Dae 
kitten. (/) One half/sec. stimulation. Surface-negative response in specific projection 
cortex is associated with a shorter duration surface-positive response in nonspecific cortex 
A long-latency (120 msec.) variable, surface-negative response in anterior suprasylvian gyrus 
is barely detectable at 0.5/sec. stimulation. During 5/sec. stimulation (2 to 4) specific evok ed 
responses are depressed. ‘The surface-positive component in nonspecific cortex is unaffected 
but the succeeding negativity is markedly augmented in amplitude and develops with a shorter 
latency (60 msec.). With 10/sec. stimulation (5 to 6) depression of specific responses in- 
creases and responses evoked in anterior suprasylvian gyrus exhibit further changes consistin 
of abolition of late negativity and conversion of prior surface positivity into a diphasic poate 
negative sequence. Stimulation at 25/sec. eliminates all components except a small positivit 
in anterior suprasylvian gyrus (7). Following this, responses evoked at 0.5/sec Pees 
(8 to 16) show an initial 2- to 4-sec. phase of depression. After recovery of specific res nee 
facilitation of the long-latency surface negativity in nonspecific cortex persists for steea min. 
The superposed responses in /3 to 16 are samples of a continuous series of records durin the 
2-min. period of postactivation facilitation. Calibrations 100 cps; 0.1 my, Re roan d 
from Annals of The New York Academy of Sciences, Vol. 92, Art, 2,55 age 
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negativity (FIGURE 15B). Finally, at the lower limits of cortex (0.8 mm.), the 
initial surface positivity was associated with a prominent focal negativity and 
the late surface negativity was reflected in a brief focal positivity that was 
essentially unchanged in the immediate postactivation period (FIGURE 15C). 
It should be noted that discharges of cortical neurons are most prominent in 
focal recordings from the cortical depths (15C). It is clear from these results 


AG 


Figure 15. Comparison of surface responses (upper channel) evoked by stimulation of 
medial mesencephalic region, and focal responses recorded at various intracortical depths 
_ with an exploring microelectrode in anterior suprasylvian gyrus of a 2-day-old kitten. Re- 
sponses were recorded before (left column) and after (right column) brief tetanization (25/sec.) 
of pontomesencephalic sites with same stimulating electrodes. (A) Focally evoked responses 
_ recorded with the microelectrode located 0.4 mm. below pial surface. In B and C, subsurface 
responses recorded at 0.6 and 0.8 mm. respectively. At the lower depths the late surface 
negativity is reflected in a minor focal positivity, whereas the initial surface positivity is 
associated with a prominent subsurface negativity upon which brief discharges of cortical 
units are barely detectable. Further explanation in text. Calibrations 100 cps; 0.1 mv. 


that the positive-negative components of the surface evoked responses have 
different spatial distributions in neonatal cortex and that, although the nega- 
tivity is relatively diffusely distributed in depth, it is not reflected in a signifi- 
cant subsurface focal positivity. 

The independent nature of the surface and focal negativities is provided by 
a comparison of their characteristics at various times after a sustained tetanus 
(rrGuRE 16A). Then the subsurface negativity may undergo changes in am- 
plitude and duration that are not at all reflected in surface responses. FIGURE 
16B illustrates still another point relevant to the interpretation of the surface 
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and focal negativities. In this experiment advantage was taken of previous 
findings on the lability of the blood-brain barrier of newborn animals to sys- 
temically administered y-aminobutyric acid” to demonstrate that when 
injected GABA blocks superficial axodendritic depolarizing synapses, thus 
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Ficure 16. Postactivation facilitation of evoked responses in nonspecific cortex (supra- 
sylvian gyrus) in a 2-day-old kitten. Stimulation in medial portion of lower mesencephalon. 

A. (1) Evoked responses recorded from the cortical surface with a ball-tipped electrode 
(upper channel) and an adjacent saline-filled micropipette (lower channel). (2) Two minutes 
after microelectrode placed in position 0.4 mm. below cortica] surface. Stimulation in / and 2 
at 0.5/sec. During 5/sec. stimulation (3) responses recorded at surface and subsurface sites 
areenhanced. Between 3 and 4, stimulus frequency increased to 25/sec. for 4sec. Responses 
in 4 to 8§ were obtained with 0.5/sec. stimulation during postactivation period. Dissociation 
of effects recorded at surface and subsurface sites is clearly seen, especially in 4 and 8. Fur- 
ther explanation in text. 

B. Same experiment as in A, but stimulation in more rostral mid-brain regions. (J) 
Microelectrode (lower channel records) in position 0.55 mm. below cortical surface. At this 
site, phase reversal of initial surface positivity is complete and late surface negativity is re- 
flected in a small subsurface focal positivity. (2) During the early phase of postactivation 
facilitation as in A (5). (3) 30 sec. after intravenous injection of 100 mg./kg. GABA. 
Long-latency surface negativity is abolished. (4) During GABA action, long-latency surface 
positivity is unmasked in the postactivation period, but polarity of focal responses is similar 
to that recorded prior to the action of the w-amino acid. Calibrations 100 cps; 0.1 mv. Re- 
produced from Annals of The New York Academy of Sciences, Vol. 92, Art. 2.55 
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eliminating the surface negativity of responses evoked prior to tetanization 
(cf. 1 and 3 in FIGURE 16B), during the phase of postactivation facilitation the 
potentiated surface negativity is ‘reversed’ in polarity, but the polarity of the 
focal response is unchanged (4 in FIGURE 16B). Failure to detect a significant 
focal positivity during registration of the surface negativity in evoked responses 
prior to GABA (FicuREs 15 and 16A) would appear to be inconsistent with 
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the view that appearance of surface positivity after GABA is due to some 
obscure alteration in “source-sink” relations.® Rather it seems more likely 
that the appearance of surface positivity after GABA blockade of superficial 
axodendritic depolarizing synapses represents an ‘unmasking’ of hyperpolariz- 
ing axodendritic p.s.p.s that, like depolarizing p.s.p.s, are focally generated in 
distal dendritic segments. Failure of systemically administered GABA to 
alter subsurface negativity may be explainable on the basis of a limited passage 
of the amino acid across capillary-glial membranes in the cortical depths that 
have not been altered as a consequence of cortical exposure in the newborn 
kitten.” The possibility must also be considered that the focal subsurface 
negativity is compounded of aoxdendritic p.s.p.s and p.s.p.s generated axoso- 
matically in interneurons. If such is the case, the contribution of axosomatic 
p-s.p.s to the focal response would be unaffected by GABA since the amino 
acid does not appear to alter transmission at axosomatic excitatory synapses 
in cerebral cortex.!!:18.28.38 49 

Further speculation concerning the interpretation of the GABA effects shown 
in FIGURE 16B must await acquisition of additional data. Information 
already at hand indicates the fiction of assuming that the elaboration of highly 
- complex electrocortical events must of necessity require participation of synap- 
tic activities distributed in basilar, as well as apical dendritic systems of cortical 
neurons. For while it is obvious that the rapid, but delayed, development of 
basilar dendritic systems of cortical pyramidal elements must be a major factor 
contributing to the ultimate morphophysiological complexity of the mammalian 
cerebral cortex, synaptic organizations involving apical dendrites and their 
related interneurons would appear to be sufficient for the production of a wide 
variety of electrocortical activities, at least in the immediate neonatal period. 
Further examination of these activities in newborn animals permits considera- 
tion of a number of problems concerning the manner in which axodendritic 
synaptic pathways in the neocortical neuropil may participate in response 
patterns of the most complex nature. 

A detailed analysis of evoked response patterns in ‘association’ cortex of 
newborn kittens is made possible by the relative absence of organized spon- 
taneous electrocortical activity in the immediate perinatal period. This is not 
to say, however, that the neocortex is electrically quiescent in the intact new- 
born kitten. What is meant here is that even when the greatest care is taken 
in preparing locally anesthetized, paralyzed kittens for such experimentation 
as multiple cortical surface and subsurface recordings and brain stem stimula- 
- tion some generalized depression of activity cannot be avoided. Consequently, 
background spontaneous electrocortical activity is negligible largely because 
of obscure factors related to “immaturity” and, secondarily, because of the 
operational procedures required for the analysis. These preliminary remarks 
aside, a few examples of the effects of repetitive stimulation of nonspecific 
projection pathways on association cortex evoked responses may be noted. 

One of the most interesting results observed in the perinatal period during 
repetitive stimulation of intralaminar nuclei concerns the characteristics of 
evoked responses in anterior suprasylvian gyrus. Unlike responses recorded 

in mature cortex during low-frequency stimulation of nonspecific thalamic 


Annals New York Academy of Sciences 


626 


‘Aur [9 {sdo QO] uoNeIqyed *}X9} UI UOTSsNosIpP JayJIN ~“satouenbasy snjnurnys JuesoyIp ye saseyd snorea 
dy} JO UOTINIOAP AjJapso ynq xajdurod 9y} st sp1odeI asay} UI AYJIOMA}OU ATIE[MIVIVT *Satsas ay} Jo 9UO ut asuodsas jsIy oy} SurjyeurUya Aq paysydurosoe 
SBM Sadv1} ¢ [[@ Jo uoTIsodiodns ‘gq ul UMOYS Sp10daI SNOnUTWUOD ay} UT ‘([{]J) UoreUIa}y~e asuodsaz jo Jutod 9y} 0} AyUe[NZa1 a[qeyrewel Y}IM VA[OAS 
saseyd oy} ‘uoryefnuItys ‘oas/g¢ WW “TIT 9 I pejeqe, are sasuodsas payoaa ut uor}es9}[e 94} Jo saseyd ¢ 94} ‘souaTUaAUOD Jog ‘g UI UMOYsS seouanbas 
pasodiedns ¢ pue y UI UMOYsS Sp10der snonutjUuOD Jo saduenbes pasodisdns omy, *998/Q] ‘gq ul yey} {:99s/¢ “WY UT soIdUeNbery sn[NUIS “Teponu otureyeyy 
IVUIWIE[eI}UL JO UOT}E[NWINS ZuLINp Ua}3}1y pjo-Aep-T Jo sn143 uerayAsvidns so119}ue ut sasuodsar payoaa AjaAtyjedai Jo sonstajeIeyD “{] AAAS] 


+ o, 


Purpura: Axodendritic Synaptic Organizations 627 


nuclei?! the first of a sequence of repetitively evoked responses in the newborn 
kitten is well developed, whereas the second, third, and sometimes the fourth 
tesponses in the series are attenuated (FIGURE 17). A similar phenomenon 
has been described recently in the newborn rabbit. If 5/sec, stimulation is 
extended beyond the period of initial attenuation, there occurs first a phase dur- 
ing which evoked responses maintain a constant high-amplitude then another 
phase in which responses alternate in amplitude. For analytical purposes, the 
various phases thus outlined can be thought of as representing three stages of 
activation; the first encompassing 12 responses; the second, 5, and the third all 
subsequent alternating responses. It is to be noted in ricure 17A, that this 
response pattern may be so stereotyped as to permit superposition of succes- 
sively evoked trains of responses, if a recovery time of 20 to 30 sec. is allowed 
between trains. Of particular significance is the fact that the development of 
the various stages proceeds similarly at 5/sec. and 10/sec. stimulation (FIGURE 
17B). Demonstrated here is a complex sequence of electrocortical events of 
the most orderly character in which the transition from one synaptic event to 
another is apparently governed by the number of corticipetal volleys, whatever 
their composition, and not their frequency, at least within the low limits speci- 
fied. At higher stimulus frequencies (>10/sec.) orderly transitions from one 
event to the other may not be detectable. For at higher frequencies, additional 
synaptic events are introduced which profoundly alter transmission in the 
axodendritic synaptic pathways involved in nonspecific evoked responses. 
Some understanding of the nature of the alterations in responses evoked in 
rostral suprasylvian gyrus of newborn kittens by high-frequency intralaminar 


thalamic stimulation is provided by re-examination of the activity cycle 


characteristics of these responses (cf. FIGURE 13). It has been noted that with 
paired conditioning-testing stimuli of equal strength marked facilitation of 
surface negativity occurred at stimulus intervals of 30 to 60 msec. In FIGURE 
18A, facilitation of surface negativity produced by paired intralaminar con- 
ditioning-testing stimuli of equal strength is shown when the stimulus interval 
is 50 msec. and paired stimuli are repeated at 0.5/sec. frequency. The continu- 
ous records B to F in FrcureE 18 illustrate initial stabilization, then some alterna- 
tion of 10/sec. evoked responses to the conditioning stimulus and the pronounced 
augmentation of 10/sec. activity when the testing stimulus follows the con- 
ditioning stimulus by 50 msec. Thus at repetition rates of 10/sec. each con- 
ditioning response appears to leave in its wake a prolonged phase of augmented 
excitability in superficial axodendritic synaptic organizations. This phase 
attains maximal intensity 40-60 msec. after the conditioning stimulus and is 
reflected in facilitation of testing responses when the latter are interpolated 
during the peak of the alteration in excitability. From this it might be expected 
that sustained ‘driving’ of high-amplitude 10 to 14/sec. evoked responses 
would result from employing stimulus repetition rates of 25/sec. Unfortunately, 
the situation that obtains when such stimulus frequencies are em- 
ployed is far removed from expectation. For although the second stimulus in 
a 25/sec. train evokes a facilitated response, this is followed by a prolonged 
phase of apparent depression during which surface negativity 1s abolished 
(e1cuRE 19A). With continued 25/sec. stimulation this phase-passes over into 
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another during which high-amplitude 10 to 12/sec. surface negativity reap- 
pears and persists for several seconds (FIGURE 19A). Then, interpolation of 
a 50/sec. stimulus produces little effect other than a slight increase of response 
frequency (FIGURE 19C). Resumption of the 25/sec. stimulus results in pro- 
gressive attenuation, then disappearance of evoked activity, but interpolation 
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FicurE 18. Facilitation of repetitively evoked responses in anterior suprasylvian gyrus 
of a 2-day-old kitten during short-interval, paired-shock, 10/sec. stimulation of intralaminar 
thalamic regions (histologically verified). A. Conditioning (/), and testing (2) responses 
evoked by 0.5/sec. stimuli exhibit considerable variability, but this is only seen in surface- 
negative component of response. With paired-stimulation (3), (showing 30 to 40 msec. 
stimulus-intervals), surface negativity of 0.5/sec. evoked responses is markedly facilitated. 
Continuous records (B to F) show effects of introducing second stimulus during continuous 
10/sec. stimulation. Interval during 30 msec. paired-stimulation is indicated by arrows. 


Facilitation is maintained during the entire period of double-shock stimulation. Calibrations 
10 cps; 0.1 mv. 


of the 50/sec. stimulus immediately induces reappearance of 10/sec. responses 
(rI1GuRES 19D to F), 

The foregoing results indicate that as the frequency of stimulation of non- 
specific thalamocortical pathways is increased from 10/sec. to 25/sec. and again 
from 25/sec. to 50/sec., the responsiveness of axodendritic synaptic organiza- 
tions in nonspecific projection cortex of the newborn cat fluctuates over rela- 
tively wide ranges, but the frequency of driven evoked electrocortical activity 


Purpura: Axodendritic Synaptic Organizations 629 


remains “fixed” at 10 to 14/sec. This is significant in providing information on 
the origin of certain brain wave patterns, but far more significant is it that 
changes in the frequency of corticipetal volleys or, for that matter, long- 
continued stimulation at a constant frequency should set into operation addi- 
tional synaptic processes that contribute to facilitation or suppression of the 
10 to 14/sec. evoked activity characteristic of axodendritic synaptic organiza- 
tions in some regions of immature neocortex. 
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Ficure 19. Alterations in evoked electrocortical activity in nonspecific projection cortex 
(anterior suprasylvian gyrus) following high-frequency intralaminar thalamic stimulation in a 
2-day-old kitten. Spontaneous electrocortical activity absent in this preparation at the 
time of stimulation. (A to F) Continuous record. Intralaminar stimulation (25/sec.) 
initiated in A. High-amplitude evoked potential is followed by a phase of depressed respon- 
siveness, then progressive build-up of 10/sec. waves driven by 25/sec. stimulation (B). In 
C, the stimulus frequency is changed to 50/sec. (for period indicated by arrows) then reduced 
again to 25/sec. In D to F, stimulus frequency changes from 25 to 50/sec. are similarly 
indicated. Note blockade of 10/sec. waves during continued 25/sec. stimulation and reap- 
pearance during 50/sec. stimulation. Calibrations (lower left, above record F) 100 cps; 0.1 
mv. Reproduced from Annals of The New York Academy of Sciences, Vol. 92, Art. 2.°° 


The contributions of various subcortical organizations to the overt effects of 
different stimulus frequencies on axodendritic synaptic pathways involved in 
the production of evoked 10 to 14/sec. responses in nonspecific projection cortex 
cannot be assessed from available data. That a considerable degree of involve- 
ment of different subcortical, ,as well as cortical organizations, in these effects 
does occur seems likely from other studies.”*:*54 Jn this respect it is-of interest 
to note that similar prolonged suppression or facilitation of nonspecific evoked 
responses in immature cortex can be observed following stimulation of medial 
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pontomesencephalic reticular regions at different frequencies. Under these 
conditions sustained synaptic processes are revealed that, although they are 
not reflected in overt cortical surface potentials, are nevertheless clearly de- 
monstrable by the effects they exert on pathways involved in the production of 
non-specific evoked activities. 

Some of the data supporting these conclusions are displayed in three different 
ways in FIGURES 20 to 22 in order to illustrate different aspects of the com- 
plexity of the underlying synaptic processes. The characteristics of driven 
10 to 14/sec. activity evoked in suprasylvian gyrus by 25 and 50/sec. stimula- 
tion of pontomesencephalic reticular regions in a 2-day-old kitten is shown 
in FIGURE 20A. Emphasis is placed on the magnitude of the initial “facilitated” 
response, the brief phase of suppression and the later phase of evoked rhythmical 
activity that persists after cessation of the high-frequency stimulus. In FIGURE 
20C, the last response (marked by black dot) of a long series evoked by 0.5/sec. 
stimulation is shown prior to a period of 10/sec. stimulation. At the end of 
the 10/sec. stimulation, 0.5/sec. stimulation is resumed but no significant 
change in the evoked response is detectable. Entirely different effects on 0.5/ 
sec.-evoked responses are observed after interpolation of a period of 25 and 
50/sec. stimulation (20D and E). Then profound facilitation of 0.5/sec. 
evoked activity occurs which may persist for many seconds. 

The sequence of alterations in 0.5/sec.-evoked responses occurring before 
and after interpolation of brief 25/sec. stimulation is shown in greater detail 
in FIGURE 21. Three events are of particular interest: (1) the progressive fall- 
off and virtual disappearance of 0.5/sec.-evoked responses in the series (21A 
1 to 12) prior to a 25/sec. burst (S-S) lasting 4 seconds; (2) build-up and per- 
sisting facilitation of subsequent 0.5/sec.-evoked response; (3) the gradual 
dissipation of the facilitation and stabilization of evoked responses at a low 
level prior to another period of 25/sec. stimulation. Graphical representation 
of data similar to that in FIGURE 21 is shown in FIGURE 22 from another series 
obtained in the same preparation. In this series, the initial response evoked 
after a long “rest’’ period was of considerable amplitude, but over a 2-minute 
period of continuous 0.5/sec. stimulation surface-evoked activity almost com- 
pletely disappeared. After a 4-sec. tetanization (25/sec., arrow J in FIGURE 
22) 0.5/sec.-evoked responses were markedly facilitated for about 30 sec. then 
gradually fell to a low amplitude. Each time this occurred, restoration of 
activity was effected by a brief 4-sec. tetanization (at 25/sec., arrows 2 to 6) 
but the magnitude of this facilitation progressively diminished with each 
tetanization. Interpolation of a new stimulus pattern (50/sec., arrow 7) 
restored the initial facilitation almost to full magnitude and, when this was 
again dissipated, 25/sec.-tetanization (arrow 8) produced a period of facilitation 
that was of greater intensity than that observed before the 50/sec. stimulus. 

An attempt to explain the electrocortical event illustrated in FrIGURES 20 
to 22 in terms of the morphophysiological characteristics of different synaptic 
organizations in the immature brain is obviously impossible since nothing is 
known concerning the manner in which synaptic pathways other than those in 
superficial neocortex participate in the elaboration of these complex activities. 


Despite this, some of the processes presumably involved in these events may be 
considered briefly. 
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FicurE 21. Continuous series of surface responses in anterior suprasylvian gyrus evoked 
by 0.5/sec. brain stem stimulation for 3 min. Figure to be read from lower left to upper 
right. First series (A, / to /2) wasinitiated after a 30-min. rest period. Note rapid disappear- 
ance of response during 0.5/sec. stimulation and facilitation after 4 sec. bursts of 25/sec. 
stimulation (S to S). Series B shows a 1-min. period of postactivation facilitation. Cyclic 
changes in responsiveness occasionally observed during postactivation facilitation is shown 


in series C, 7 to 37. Reproduced from Annals of The New York Academy of Sciences, Vol. 92, 
Art, 2.55 
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The initial progressive attenuation of evoked responses observed during 
prolonged low-frequency (0.5/sec.) stimulation of pontomesencephalic path- 
ways is surely not explainable on the basis of accumulation of “refractoriness” 
in the pathways involved in the evoked activity. Nor can it be inferred that 
the increasing ineffectiveness of tetanizing stimuli of the same pontomes- 
encephalic regions at a particular frequency is a reflection of some obscure 
alteration in the degree to which high-frequency corticipetal volleys are capable 
of mobilizing facilitatory synaptic activities. One alternative explanation is 
that the suppression of 0.5/sec.-evoked responses and the suppression of the 
facilitating effect of repeated 25/sec. stimuli may be consequences of the build- 
up of inhibition in parallel pathways activated by the brain stem stimulation. 
Viewed in this way the effectiveness of these inhibitory processes distributed 
in neocortical organizations involved in evoked responses might be augmented 
during monotonous repetition of a particular stimulus pattern. The necessity 
of invoking the operation of excitatory and inhibitory synaptic activities that 
differ in proportion, magnitude, and time course in explaining the alterations in 
evoked responses shown in FIGURES 20 to 22 seems no less plausible in this 
situation than in others in which complex alterations in cortically evoked 
potentials have been analyzed in greater detail.*..5.54 Neglecting any further 
consideration of the possible mechanisms that may provide a more satisfactory 
explanation of the foregoing observations, the fact that complex electrocortical 
events involving predominantly superficial axodendritic synaptic pathways 
are demonstrable in the immediate neonatal period is sufficient to suggest the 
important role these organizations play in the elaboration of different varieties 
of “higher nervous activity” in the immature, as well as the mature animal. 


Reorganization of Axodendritic Synaptic Pathways in Isolated Immature 
Neocortex 


In previous sections attempts have been made to define the contribution of 
superficial axodendritic synaptic pathways to different varieties of activities 
evoked in the neocortex of the newborn cat. In these studies, carried out for 
the most part in kittens less than 2 to 3 days old, emphasis was placed on the 
morphological features of neocortical pyramidal neurons in the immediate 
perinatal period in order to provide data on the origin and nature of surface- 
negative components of different evoked responses. The origin of surface- 
positive components in some varieties of evoked responses in the newborn cat 
has not, as yet, been detailed although some evidence has been noted suggesting 
an axosomatic and/or proximal apical dendritic origin of some synaptically 
evoked activities. In this section an additional analytical approach to the 
study of synaptic organizations in immature neocortex is introduced, that is, 
one that permits some conclusions concerning the transmission of activities in 
recurrent axodendritic excitatory synaptic pathways in the cortical depths. 

It is to be recalled that axon-collaterals of neocortical pyramidal neurons are 
relatively poorly developed in the immediate neonatal period. Indeed, it is 
not until the second postnatal week that these elements, basilar dendrites and 
stellate cells attain their maximal rate of growth. Attempts to define the 
morphophysiological characteristics of axodendritic synaptic pathways con- 
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stituting the deep cortical neuropil in 2- and 3-week-old kittens are likely to be 
frustrated by the overwhelming complexity of this elaborate neuronal network. 

Consider now the consequences of isolating a slab of neocortex in the im- 
mediate neonatal period.** When care is taken to insure maintenance of an 
adequate blood supply in such isolated slabs, cortical pyramidal neurons whose 
descending axons have been interrupted below the origin of their intracortical 

collaterals are not only completely preserved, but continue to elaborate their 
basilar dendritic systems. In response to the loss of descending axons, py- 
ramidal neurons in the isolated cortical slab immediately undergo a phase of 
intense axon-collateral proliferation which, as Cajal®’ first pointed out, converts 
Type I neurons with descending axons into Type II neurons whose axons 
ramify entirely within cortex. Suffice it to say that the observations of Cajal5? 
on the morphological changes occurring in immature cortex after cuts in the 
subcortical white matter have been thoroughly confirmed.** To Cajal’s 
observations and speculations concerning the possible physiological implica- 
tions of this reorganization can now be added details of the morphophysiological 
characteristics of “Type II pyramidal neurons” in 4- to 10-day-old kittens. 
The data summarized here were obtained 2 to 9 days after complete isolation of 
approximately 1.5 sq. cm. of neocortex including the anterior and middle 
suprasylvian gyrus and fortions of the marginal and ectosylvian gyri. 

A Golgi-Cox preparation cf a chronically isolated cortical slab in a 10-day-old 
kitten is shown in FIGURE 23A. The 200-» section is taken through a small 
corner of the slab prepared on the first postnatal day, in order to demonstrate 
its complete isolation from the subjacent white matter and surrounding cortex. 

- The microphotographs below this (FIGURES 23B and C) are of deep pyramidal 
neurons whose descending axons were interrupted at the line of section passing 
from the left downward toward the right in B and, in C, a short distance below 
the lower limits of the field photographed. Ficure 23B is from the same 
preparation as in A, whereas FIGURE 23C is from a 7-day-old-kitten whose cortex 
was isolated on the third postnatal day. No trace of the segment of descending 
axon below the first collaterals is seen in either of the preparations. At the 
point of origin of the initial collaterals 2 or 3 of the latter are shown, some of 
which (B) assume a recurrent trajectory. Further details of the relationship 
between these collaterals and adjacent pyramidal neurons is shown in FIGURES 
24 and 25. Of particular importance is the profound proliferation of recurrent 
axon collaterals. 

Some idea of the localized nature of the repetitive activities generated in 
isolated slabs of immature cortex by weak surface stimulation is obtained by a 
comparison of the surface activities recorded 1.5 and 3.5 mm. from the site of 
stimulation (FIGURE 26) in a 10-day-old kitten whose cortex was isolated on the 
third postnatal day. The near (1.5 mm.) and distant (3.5 mm.) SCRs in this 
series are followed by additional surface negativities of variable duration and 
latency. These terminate in a slow positivity after which a repetitive sequence 
of predominantly surface-positive responses is recorded largely in the immediate 
vicinity of the site of stimulation (FIGURE 26C). The variable delay between 
the time of stimulation and the appearance of repetitive activity is particularly 


noteworthy. ; 
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Figure 23. (A) Low power (Golgi-Cox) microphotograph of a portion of isolated cortex 
in a 10-day-old kitten 9 days after preparation of the slab. The section is taken through a 
small corner of the slab to show the completeness of the surgical procedure. (B) Large 
pyramidal neuron near the margin of section (passing from middle-left to lower-right) from 
the same preparation as that shown in A, but from another site in slab. The axon (Ax) is 
shown giving off two recurrent collaterals, but no segment below the collaterals is seen. (C) 
Large pyramidal neuron with axon giving off three recurrent collaterals: 7-day-old kitten, 4 
days postcortical isolation. Magnification in A, X25. In B and C, about X300. 
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The lack of a temporal relationship between stimuli and the development of 
repetitive activity is also shown in FIGURE 27 in records taken from a 5-day-old 
kitten in which a cortical slab was isolated on the second postnatal day. In 
FIGURE 27A, the SCR and a high-amplitude surface positivity was evoked with 
one stimulus, whereas a second stimulus, delivered 3/sec. later, evoked an SCR 
and a repetitive sequence of 8 to 10/sec. diphasic positive-negative responses. 


Ficure 24. Drawing of pyramidal neurons in a single high-power field near the margin 
of section in an isolated slab of cortex in a 7-day-old kitten, 6 days postisolation. : 
Note axons (Ax) and proliferation oi axon-collaterals, as well as their recurrent trajectory. 
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The continuous records (FIGURES 27B to E) illustrate 2 further points; (1) 
failure of weak repetitive surface stimuli to ‘drive’ the paroxysmal discharges 
in the isolated slab; and (2) the prolonged depression of pathways involved in 
the SCR when the latter are evoked on the late negative components of the 
discharges or up to 0.8 to 1 sec. thereafter. 
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Ficure 25. Deep-lying pyramidal neurons in a single high y i 
; : : gle high-power field from 
cortical slab in an 8-day-old kitten, 7 days postisolation. nore tA) exhibit semen 


to those shown in FIGURE 24. The descending axonal segment b igi 
laterals is not preserved. : ne RD oe 
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In preparations exhibiting only occasional repetitive 8 to 10/sec. discharges in 
Tesponse to low frequency (0.5/sec.) surface stimulation, fluctuations in the 
over-all excitability of the cortical slab might be of such magnitude and duration 
that ordinarily ineffective surface stimuli were capable of activating subsurface 
organizations involved in paroxysmal discharges (ricurEs 28A to F) for rela- 
tively long periods. When this occurred, surface-positive activity was evoked 


with short latency (G to I); then, during the decaying phases of the period of 


“hyperexcitability,” latency was progressively increased until paroxysmal dis- 
charges were no longer cbtained (J to M). When short-latency activity was 


FicurE 28. Progressive changes in surface responses evoked by weak stimuli (0.5/sec 
frequency) during a phase of augmented excitability in an isolated cortical slab in a 6-day-old 
kitten (5 days postisolation). 

(A to D) Successive responses evoked at 0.5/sec. frequency showing rapid development of 
surface positivity. (E to F) Various stages of paroxysmal discharge. (H and I) Later 
stages of stabilization during which weak stimulus initiates stereotyped discharge. (J and K) 
Decaying phase of excitability indicated by increasing latency of discharge and reappearance 
of SCR. (L) Superposed SCRs depressed for 30 sec. efter cessation of paroxysmal activity. 


- (M) Recovery of ‘normal’ SCR excitability prior to another phase of augmented activity in 


“aa 


the slab. Calibrations 10 cps; 0.1 mv. 


evoked in the cortical depths by weak surface stimuli, SCRs appeared to be 
swamped by the development of subsurface activity (G to I). That this was 
more apparent than real is indicated by the fact that with increasing latency 


‘of subsurface activity, evoked SCRs were reduced in amplitude and remained 


“depressed” for many seconds after the phase of augmented excitability. 
Ficure 28 illustrates another finding to be emphasized. When repetitive 
stimulation at low frequency (0.5/sec.) initiated paroxysmal activity the com- 
plex patterns of evoked responses so obtained were remarkably constant in 
overt configuration for many seconds. Although the period during which 
such complex, but orderly, evoked response sequences could be elicited was 
found to vary in different preparations (and in the same preparations from one 
area of the isolated slab to another) in the most favorable preparations complex 
response patterns were evoked with remarkable regularity. Under these 
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conditions, some idea of the nature of the subsurface organizations involved in 
the repetitive discharges was forthcoming by noting the effects of topically 
applied w-amino acids and strychnine. 

The regularity of the complex surface activity evoked by 0.5/sec. stimulation 
of an area of isolated cortex in a 5-day-old kitten (3 days postisolation) is 
shown in superposed traces in FIGURE 29A. A few seconds after topical applica- 


siya 


Ficure 29. Effects of topically applied GABA and e-amino caproic acid 
stereotyped repetitive discharges evoked from isolated cortical slab in a S-dayenla ate 
(3 days postcortical isolation). (A) Control, superposed 0.5/sec. evoked surface responses 
recorded 1.5 mm. from site of stimulation exhibit a remarkable orderliness. (B to F) Various 
phases of alterations induced by topically applied GABA. (B) Early recovery after rinsing 
cortex with warm Ringer’s solution. (H) Phase of post-GABA augmentation of evoked 
activity. (I) Control prior to application of e-amino caproic acid (Cs). (J and K) Early 
and late stages, respectively of Cs action. Note depression of SCR and gradual negative 
shift of repetitive responses. The latter were reduced in magnitude after K (not shown) 
(L) Early recovery from Cy action. Calibrations 10 cps; 0.1 mv. : 


tion of 1 per cent GABA the initial SCR was reduced in amplitude and some 
late components of the repetitive response were eliminated (29B). Still later 
after abolition of the SCR, surface positivity of the initial components of the 
repetitive sequence was augmented, the latency of first positivity was increased 
and the number of discharges in the repetitive train decreased (29C to E) At 
this stage all evoked activity was eliminated (F) but gradually returned after 
removal of GABA (GtoH). A phase of augmented excitability after recovery 
from GABA, similar to that described previously in adult animals!’ was char- 
acteristically observed (H). After recovery towards ‘normal’ excitability 
(I), «amino caproic acid was topically applied. This resulted in depression of 
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the SCR (cf. FIGUREs 8 and 9), a progressive negative shift of all components in 
the repetitive response, then increase in latency of the first component of the 
repetitive sequence (29J—K). 

In an attempt to characterize further the origin of the repetitive sequence in 
isolated immature neocortex, micropipettes were inserted into the cortex and 
the cortex stimulated at various depths with weak shocks delivered through a 
pair of fine stimulating electrodes located 3 mm. from the extracellularly located 
microelectrodes. ‘Low’ threshold sites for eliciting repetitive sequences were 
found at a cortical depth corresponding to the lower limits of the isolated slab. 


he fet 


Figure 30. Evoked repetitive responses in same preparation as described in FIGURE 29 
but recorded from another site in the cortical slab. Stimulating wire electrodes located at a 
depth of 0.8 mm. Surface responses (Jower channel) recorded 3 mm. from the site of stim- 
ulation; focally evoked responses (wpper channel) simultaneously recorded with a microelec- 
trode in the cortical depths (0.5 mm). (A) Control. (B) Three min. after topical applica- 
tion of e-amino caproic acid (Cs). Note depression of surface and focally recorded responses. 
(C) A few seconds after addition of GABA to Cs. (D) One min. after C. Lack of relation- 
ship between surface and focal responses is especially noteworthy in C. (E) Phase of aug- 
mentation during recovery from GABA action. (F) Control. (G) Maximum effect pro- 
duced by topically applied strychnine sulphate (1:1000). (H) A few seconds after addition 
of GABA during strychnine action. Calibrations 10 cps; 0.1 mv. 


Weak stimulation (0.5/sec.) evoked predominantly surface-positive repetitive 
responses that were reflected in focal negativities of maximum amplitude 0.5 
to 0.6 mm. below the cortical surface (FIGURE 30A). Topically applied «- 
amino caproic acid reduced the initial surface positivity but did not significantly 
alter the focal negativities (30B). Immediately after application of GABA 
the initial surface positivity augmented, and subsequent surface and focal 
responses exhibited little relationship (C). Further augmentation of initial 
surface positivity produced little change in the initial focal negativity although 
late components in the repetitive sequence were attenuated during the reap- 
pearance of late surface positivity. After removal of GABA and ¢-amino 
caproic acid, some residual hyperexcitability was detectable in the form of an 
increased frequency of repetitive activity (E). The effects of topically applied 
strychnine (1:1000) were similar to those of e-amino caproic (cf. G and C). 
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Topical GABA after strychnine (H) produced changes not unlike those seen 
when the amino acid was added to cortex previously treated with ¢-amino 
caproic acid (D). 

The foregoing studies on isolated immature cortex are as yet in their most 
preliminary stages and for this reason only a few remarks concerning their gen- 
eral significance can be made at this time. To view these data in a proper 
perspective, it is sufficient to emphasize that in a relatively large series of experi- 
ments involving electrical stimulation of infact immature neocortex at no time 
has it been possible to evoke repetitive discharges of the type illustrated in 
FIGURES 26 to 30 with stimulating techniques and parameters similar to those 
employed in the experiments on isolated immature neocortex.* As to the fac- 
tors responsible for the ‘hyperexcitability’ of isolated immature cortex, it 
seems reasonable to attribute them to an over-all increase in excitatory synaptic 
activities subsequent to the rapid proliferation of axon collaterals of pyramidal 
neurons whose descending axons have been interrupted during the isolation 
procedures. The problem of establishing the nature of the synaptic contacts 
made by such axon collaterals on adjacent pyramidal neurons (and presumably 
also stellate cells) is somewhat simplified by the demonstration that repetitive 
activity evoked by subsurface stimuli is abolished by GABA. It has been 
demonstrated that GABA exerts its major, if not exclusive, action in cortex by 
blocking excitatory synaptic activities generated in dendritic elements. 
23,38,58 Tn view of this it appears likely that this action might also adequately 
explain the effects observed in isolated immature neocortex. Thus while the 
details of the complex alterations in surface and subsurface activities seen in 
immature cortex after GABA and, for that matter, after topically applied e- 
amino caproic acid and strychnine, are as yet incompletely known, it may be 
tentatively concluded that the repetititve discharges of isolated immature 
neocortex result from recurrent excitation in relatively closed axodendritic 
synaptic pathways. One corollary to this should also be noted. For inasmuch 
as the excitatory axodendritic synaptic bombardment on pyramidal neurons 
must be effective in discharging elements it would appear that newly formed 
axon-collaterals establish synaptic relations with pyramidal neurons on the 
most proximal segments of their apical dendrites and, perhaps, to a lesser extent 
on their cell bodies. It is thus seen from this how a strategic grouping of 
exclusively excitatory synapses formed by axon collaterals of Type I pyramidal 
neurons that have been converted into Type II elements is capable, in the ab- 
sence of counteracting inhibitory synaptic bombardment, of effecting the dis- 
charge of adjacent pyramidal neurons. A presentation of these data would be 
incomplete without noting the course of the excitatory axodendritic synaptic 
pathways envisioned by Cajal®’ in his discussion of the consequences of axon- 


_ * Acutely isolated cortical slabs have been studied in 5- to 10-day-old kittens in a manner 
similar to that described above. Within a few hours after preparation of these slabs, strong 
surface stimulation evokes an SCR that is succeeded by a prominent surface positivity. 
During repetitive stimulation, facilitation of surface positivity is observed that generally 
persists for many seconds after cessation of the repetitive stimulus. Similar effects are ob- 
served during subsurface stimulation, but it is impossible to elicit the repetitive sequence 
shown in ricuREs 26 to 30, even 6 hours after preparation of the slab. Thus, although the 
acutely isolated neocortex of 5- to 10-day-old animals may exhibit a minimal increase in ex- 
citability, the alterations seen in acute preparations are fundamentally different from those 
observed 2 to 7 days after preparation of isolated cortical slabs in newborn kittens. _ 
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Ficure 31. Cajal’s representation of the possible consequences of the proliferation of 
axon collaterals of a pyramidal neuron after its main stem axon has been interrupted below 
_ the origin of initial intracortical collaterals. The original description of this figure follows: 
“Schematic drawing showing the possible tract of the currents across the arciform pyramidal 
cells. (A) Arciform pyramidal cell; (C) normal pyramidal cells; (D) plexiform layer; (E, F) 
afferent fibres; (G) cell with an ascending axon, called Martinotti’s cell; (a) hypertrophic 
collateral; (6) part of the axon that has disappeared.” Reproduced by permission of the 
Hafner Publishing Co., Inc.” 
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collateral proliferation of neocortical pyramidal neurons after interruption of the 
descending axons (FIGURE 31). The case in point testifies to the remarkable 
acuity of this great morphologist in looking well beyond the resolving power of 
his optical instruments. 


Comment 


The foregoing results amply illustrate the usefulness of a multioperational 
approach to the analysis of different synaptic organizations in immature 
neocortex. Still to be considered is the problem of how these data may contrib- 
ute to a further understanding of the nature and origin of different varieties of 
electrocortical activities®? and how they may provide clues to the interpretation 
of some complex synaptic events that have been described in the mature mam- 
malian central nervous system under fundamentally different situations. 

Particular emphasis has been placed in these ontogenetic studies on the 
morphophysiological and pharmacological evidence indicating that evoked 
electrocortical activities are generated predominantly in superficial axodendritic 
synaptic organizations in the immediate neonatal period. These activities, 
ranging from the relatively simple responses initiated by local cortical surface 
stimulation to the complex responses evoked by nonspecific thalamic and lower 
brain stem stimulation, reflect differences in the degree to which excitatory and 
inhibitory pathways in superficial neuropil participate in the elaboration of 
evoked potentials in immature neocortex. 

Various kinds of data have been presented in support of the hypothesis that 
SCRs are axodendritic p.s.p.s generated in superficial neuropil by conductile 
pathways activated by surface stimulation.” 7-8 Of these data, the least 
impressive to some electrophysiologists might be the electron microscopical 
demonstration of relatively large numbers of axodendritic synapses in superfi- 
cial cortical regions in the immediate neonatal period. Why then have these 
data been introduced? They have been introduced primarily to provide a firm 
basis for the electrophysiological interpretations. Were it impossible with 
currently available electron microscopical techniques to demonstrate axoden- 
dritic synapses in immature cortex at a developmental stage when SCRs are 
readily obtainable, the hypothesis concerning the postsynaptic origin of these 
responses might be seriously embarrassed. As it turns out the electron micro- 
scopical observations, taken together with the morphological data on the gross 
characteristics of superficially located dendrites compel rejection of some 
alternative interpretations of the nature and origin of the SCR, especially those 
based on an incomplete knowledge of its neuronal substrate. This is not to say 
that as a consequence of a relatively few series of morphological studies all the 
electrophysiological data on the SCR have become readily interpretable. 
What is emphasized here is the usefulness of incorporating data obtained from 
anatomical (and for that matter pharmacological studies) in the analysis of some 
electrophysiological events. In the case of the SCR the results of employing a 
multioperational approach have been sufficiently encouraging to warrant its 
continued application to problems still unclarified. Of the latter, the most 
difficult remains the problem of defining the composition of the pathways which 
initiate p.s.p.s in dendrites remote from the site of stimulation, On this point 
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comparative pharmacological studies have proved to be valuable in suggesting 
differences in the proportion of excitatory and inhibitory elements in these 
pathways at various sites along their trajectory. Nothing, however, can be 
inferred from the present studies concerning the intracortical distribution of 
these pathways. Until evidence to the contrary is forthcoming, it must be 
allowed that subsurface, as well as superficial circuits may play a role in carrying 
impulses to distant dendritic elements.” 

In considering electrocortical activities evoked in immature neocortex by 
stimulation of various corticipetal pathways, attention has been focused on the 
characteristics of responses initiated in dendritic elements at synaptic sites 
other than those giving rise to the SCR. These studies provide information on 
the internal composition of different intracortical pathways to apical dendrites 
and permit an appraisal of the degree to which different organizations in im- 
mature cortex participate in the elaboration of enduring synaptic activities. 
Fundamental differences in these organizations are indicated, in part, by dif- 
ferences in their responsiveness to repetitive stimulation of corticipetal afferents 
and, more importantly, in the differences in their “excitability” observed sub- 
sequent to brief periods of high-frequency activation. 

The rapid and sustained depression of evoked responses in specific projection 
cortex (postsigmoid gyrus) following repetitive stimulation of ventrolateral 
thalamus or thalamocortical radiations is in sharp contrast to the changes in 
responses evoked in association cortex during repetitive stimulation of non- 
specific projection pathways. Although these differences are qualitatively 
similar to those encountered in mature animals,*® repetitively evoked responses 
in nonspecific cortex in the newborn animal undergo a series of alterations that 
appear to be peculiar to immature cortex. Particularly significant in this 
respect is the finding that the first of a repetitive sequence of nonspecific evoked 
responses is ordinarily well developed, whereas the subsequent 4 to 5 responses 
in the series are depressed. In other words, typical recruitment of the type 
characteristically observed in mature animals during 6 to 10/sec. stimulation 
- of nonspecific thalamic nuclei®® is not detectable in the immediate neonatal 

period. Rather, the initial depression of evoked responses passes over into a 
number of phases that eventually terminate in response alternation, a phenome- 
non originally described in connection with recruiting responses in the adult 
animal.®® The mechanisms underlying such differences in the overt charac- 
teristics of repetitively evoked nonspecific responses in the immature animal 
are as yet entirely obscure, but in the search for adequate explanations, some 
clues may also be forthcoming concerning the synaptic processes operating in 
recruiting responses in the adult animal. Indeed, since the first stimulus of a 
repetitive train of stimuli to nonspecific thalamic nuclei appears to “lose its 
effectiveness” with advancing age, it is not unlikely that the small evoked 
response initiated by a single stimulus to nonspecific nuclei in the adult animal 
is a reflection both of the relatively large proportion of inhibitory activity gen- 
erated by single stimuli, as well as the degree to which elements contributing to 
the fully developed recruiting response participate in other varieties of on-going 

activity.” : 
The fact that high-amplitude 10 to 14/sec. predominantly surface-negative 
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responses can be evoked in restricted regions of association cortex following 
high-frequency stimulation of nonspecific thalamic nuclei or medial 
pontomesencephalic regions in the newborn cat is of interest from the stand- 
point of the ontogenesis of certain spontaneous and evoked electrocortical 
rhythms. The subcortical structures capable of generating this 10 to 14/sec. 
rhythm in superficial axodendritic organizations are, presumably, the same as 
those that participate in the elaboration of high-frequency low-amplitude elec- 
trocortical activation patterns in mature animals.® In view of this the ques- 
tion arises of whether the electrographic pattern observed in the newborn 
animal may represent a rudimentary form of electrocortical activation whose 
cortical distribution and overt characteristics are reflections of the differential 
rate of maturation of superficial and deep synaptic organizations in funda- 
mentally different types of cortex. To answer this question obviously requires 
considerably more information on the postnatal changes in responses to high- 
frequency stimulation of nonspecific thalamic brain stem stimulation than is 
now available. Until then there would appear to be little serious objection to 
the conception that the distinctive electrographic characteristics of brain waves 
in immature-born animals at birth and newborn human infants are not so much 
a reflection of global immaturity of the brain, but rather a consequence of the 
differential rate of development of superficial axodendritic pathways in the 
immediate neonatal period. Activity in superficial organizations evoked by 
high-frequency corticipetal volleys dominates that initiated in subsurface corti- 
cal organizations in the newborn animal. The evoked 10 to 14/sec. electro- 
graphic patterns may thus be considered the physiological expression of activity 
in superficial axodendritic synaptic organization at a developmental stage when 
cortical organizations other than those in the superficial neuropil have yet to 
exert their complex effects in modifying this activity. In considering the nature 
of the differences in the type of electrocortical activity evoked by brain-stem 
stimulation in neonatal and mature animals, the possibility that the electro- 
cortical events evoked in neonatal preparations may be a reflection of the 
activity of reticulocortical pathways subserving synchronization of EEG 
activity in mature animals® should also be explored. Were such a relationship 
to be established, the data so obtained might further serve to clarify the phys- 
iological role of reticular organizations involved in EEG synchronization. 
Closely allied to the problem of defining the synaptic processes underlying 
the activity cycle characteristic of superficial axodendritic patterns in the new- 
born animal are those concerning the mechanisms responsible for the alterations 
in nonspecific evoked responses subsequent to prolonged repetition at very low 
stimulation frequencies. Some of the factors underlying these and other 
alterations have been noted above. The remarkable similarity is to be noted 
in the alterations shown in FIGURES 20 to 22 and those described in cortical and 
subcortical organizations during certain types of electrophysiological studies of 
complex behavioral activities.” Particularly interesting in this respect are 
the findings that the first of a series of stimuli delivered every 2 sec. to medial 
pontomesencephalic regions evokes a prominent response in association cortex, 
whereas all subsequent responses are progressively attenuated until surface- 
evoked activity is virtually abolished. The extraordinary rapidity with which 
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this cortically evoked response is ‘extinguished’ calls to mind changes observed 
in a large variety of responses recorded at different neuraxial sites in adult 
animals subjected to repeated presentation of indifferent signals. As is well 
known, attenuation of some responses evoked in cerebral cortex may occur 
with surprising rapidity. This phenomenon, considered to be an electro- 
physiological correlate of “habituation,”®? may be eliminated by relatively 
minor changes in the characteristics of the indifferent stimulus or pairing the 
indifferent stimulus with another signal of considerably more significance to the 
animal. Under these conditions, augmentation of evoked responses may be 
observed (‘dishabituation’).®-® It is not to be inferred from this that the 
synaptic processes associated with ‘habituation or dishabituation’ of evoked 
activities recorded during certain changes in behavior are the same as those that 
underlie the changes in nonspecific evoked responses in newborn animals. The 
point of emphasis is that repetition of an indifferent stimulus in the newborn 
animal (electrical stimulation of medial brain stem) sets into operation a com- 
plex sequence of synaptic events in restricted regions of superficial neocortex 
that culminates in elimination of evoked responses, whereas a change in stim- 
ulus pattern results in prolonged facilitation of responses. Of importance is the 
fact that in the newborn kitten these events appear to be confined entirely to 
synaptic organizations subserving the mediation of nonspecific evoked activities. 
May it not be, then, that these events represent elementary patterns of activity 
of reticulocortical synaptic organizations? If such is the case, the question 
may also be raised as to what possible role these organizations could play in the 
postnatal development of those synaptic processes that underly different 
varieties of ‘higher nervous activity’? For inasmuch as reticulocortical or- 
ganizations have been shown here to be potentially capable of elaborating 
electrocortical events of the utmost complexity in the immediate neonatal 
period, it would be surprising indeed if the relatively early maturation of these 
pathways were of little functional significance to the newborn animal. 

A few remarks concerning the reorganization of intracortical excitatory 
synaptic pathways in isolated immature neocortex would appear necessary to 
indicate their relevance to the general problem of the analysis of cortical 
synaptic organizations. Hyperexcitability of neuronally isolated cortex has 
been repeatedly demonstrated in adult animals,!°:® but the mechanisms 
responsible for the augmentation in excitability have not been entirely eluci- 
dated. The contribution of Burns and his associates?! to the problem are 
especially noteworthy, as are those of Echlin on the hyperexcitability of 
chronically isolated cortex.*® In the studies of Burns” emphasis has been 
placed on the role of self-re-exciting networks of pyramidal neurons in the pro- 
duction of surface-positive burst responses of isolated immature cortex. Al- 
though the present studies support this hypothesis, the data obtained in the 
chronically isolated immature cortex are at variance with those derived from 
studies on acutely isolated slabs of mature cortex in a number of respects. In 
isolated mature cortex surface-positive burst responses may be initiated shortly 
after preparation of the slab. Bursts evoked by relatively strong stimuli spread 
in an all-or-none fashion throughout the entire slab, but according to Burns,” 
page 10, ‘the same stimulus delivered periodically to the same cortical point 
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never produces the same pattern of potential change twice at a remote point on 
the brain’s surface (from which bursts responses are being recorded).” The 
bursts observed in acutely isolated mature cortex presumably reflect the activity 
of complex neuronal networks whose intrinsic activity has been so altered by 
the isolation procedure as to permit demonstration of responses that are never 
observed in intact mature cortex.2 In immature chronically isolated cortex, 
“bursts” may be localized to within a few millimeters of cortex surrounding the 
site of stimulation and, at different sites of stimulation, different burst patterns 
may be observed. What is particularly important, however, is the fact that in 
favorable preparations of isolated immature neocortex a remarkably stereo- 
typed pattern of paroxysmal activity may be evoked from a localized region 
during prolonged periods of stimulation. Thus while isolation of mature cor- 
tex appears rapidly to ‘unmask’ the activities of neuronal networks that are 
ordinarily influenced by a variety of excitatory and inhibitory influences emanat- 
ing from without the slab,” in immature cortex the isolation procedure sets into 
operation a rapid reorganization of axodendritic (and probably some axoso- 
matic) synaptic pathways. In other words, the burst phenomenon of acutely 
isolated mature cortex seems to be a manifestation of the modified activity of 
pre-existing neuronal organizations, whereas in the immature chronically 
isolated cortex the paroxysmal responses result from the rapid development 
of entirely new synaptic connections. As to whether in chronically isolated 
mature cortex (partially or completely isolated) a similar reorganization of 
excitatory synaptic pathways may also occur, one can with certainty only 
point out the differences noted in the activity of acutely and chronically isolated 
mature cortex®® and emphasize once more the findings of Cajal,*” which strongly 
suggest that such may be the case. The problem of elucidating the mech- 
anisms responsible for changes in cortical excitability following traumatic 
lesions that interrupt connections between cortex and white matter is of no 
little importance. Needless to say, from the adequate solution of this problem 
may come an answer to the enigmatic problem of the origin of focal paroxysmal 
activity in traumatized areas of neocortex. 

The data on the immature isolated cortex may be particularly useful in 
permitting some decision as to the validity of attributing the hyperexcitability 
of chronically isolated cortex to “denervation sensitivity.” For since these 
data indicate that the collaterals of interrupted pyramidal axons can rapidly 
proliferate and seek out loci for excitatory synaptic contacts at available sites 
on adjacent elements, it would appear that ‘“‘hyperinnervation” rather than 
“denervation sensitivity” is more likely the underlying factor responsible for 
the hyperexcitability of chronically isolated cortex. Viewed in this fashion, 
much of the data on the properties of chronically isolated cortex, including 
suggestions as to the increased concentration of cholinesterase in partially 
denervated cortical_areas,® may become explainable on the basis of a net in- 
crease in the number of excitatory synaptic contacts on pyramidal neurons, an 
increase that is a consequence of the interruption of main-stem axons below the 
origin of their intracortical collaterals. Until evidence is presented to the 
contrary, there is no reason to assume that the reorganization of axon-collateral 
synaptic pathways that occurs secondary to severance of pyramidal neuron 
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axons may not be a major factor in altering synaptic organizations in other 
types of cerebral cortex after interruption of pyramidal axons (Kandel and 
Spencer, this monograph). 


Summary 


The present report surveys recent morphophysiological studies on the neo- 
cortex of the newborn cat primarily designed to elucidate further the role of 
axodendritic synaptic organizations in the production of a wide variety of 
evoked electrocortical events. 

Particular emphasis is placed on morphophysiological data obtained by light 
(Golgi-Cox material) and electron microscopical studies indicating that super- 
ficial axodendritic synaptic pathways are developed to a remarkable degree in 
the immediate neonatal period. The differential maturation of superficial 
neuropil is reflected, in part, in the prominent surface-negative responses evoked 
by local cortical surface stimulation, stimulation of different corticipetal 
projection pathways, and in the extraordinary complexity of axodendritic 
synaptic activities demonstrable in fundamentally different types of cortex. 

Data on superficial cortical responses (SCRs) in perinatal kittens are entirely 
consistent with the hypothesis that these responses are largely p.s.p.s of apical 
dendrites. Pharmacological evidence is presented indicating that maturation 
of inhibitory components in pathways generating SCRs in superficial dendritic 
elements is delayed with respect to the development of excitatory pathways. 
Inhibitory p.s.p.s are generated, however, in superficial organizations by cor- 
ticipetal pathways from thalamic and pontomesencephalic regions in the new- 
‘born animal. 

The characteristics of surface- and subsurface-evoked activities in anterior 
suprasylvian gyrus (association cortex) contrast sharply with those evoked in 
posterior sigmoid gyrus (somatic sensory cortex) in the immediate neonatal 
period. The latter responses are markedly depressed during repetitive thalamic 
or radiation stimulation and never exhibit phases of postactivation facilitation. 
Association cortex responses evoked by stimulation of nonspecific pathways 
exhibit prominent delayed surface negativity and show complex, but orderly, 
transitions in amplitude during repetitive stimulation. Synaptic activation of 
elements in superficial neuropil by high-frequency (25 to 50/sec.) stimulation of 
nonspecific projection pathways in newborn animals results in the production 
of 10 to 14/sec. high-amplitude predominantly surface-negative potentials. 
These persist for a variable period after cessation of the stimulus and are as- 
sociated with the onset of a prolonged phase of postactivation facilitation of 
evoked responses. 

Experiments are illustrated on ‘habituation’ and ‘dishabituation’ of non- 
specific evoked responses involving predominantly superficial j axodendritic 
pathways. These findings are discussed in terms of the possible mode of 
operation of reticulocortical pathways in the elaboration of complex electro- 
cortical activities in the immature animal. 

Preliminary studies on the morphophysiological characteristics of subsurface 
axodendritic excitatory synaptic pathways in slabs of “chronically” isolated 
immature neocortex are described to emphasize the analytical value of at- 
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tempts to alter the normal course of postnatal ontogenesis of different cortical 
synaptic organizations. Pyramidal neurons whose axons are interrupted below 
the origin of their intracortical collaterals are rapidly converted to Type II 
elements that activate, via their proliferating axon collaterals, large numbers of 
adjacent elements. One consequence of this is the establishment of powerful 
recurrent axodendritic excitatory synaptic pathways capable of supporting 
repetitive paroxysmal discharges of extraordinary magnitude. 
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